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ABSTRACT

A bioelectric battery provides a promising alternative to commercial lithium batteries to
drive active implantable medical devices (AIMD) due to its ease of miniaturization.

Bioelectric batteries use body fluid as electrolyte. The selected electrode materials
themselves and the reaction products are both safe for the implantation of these
electrodes into the human body. The bioabsordable and high energy density Mg alloy
is used as anode. However, most electrocatalysts could not meet the requirements for
cathode materials in a bioelectric battery, e.g. possessing electrocatalytic activity as
well as biocompatibility. Thus this thesis aims to synthesize novel cathode materials
specifically for bioelectric batteries. Conducting polymers (CPs) and graphene show
electrocatalytic activity and biocompatibility in previous studies, satisfying the
requirements for their use in bioelectric batteries. Furthermore, the low cost
compared to noble metals (like Pt) makes them promising cathode materials. Herein,
the application of CPs and graphene in bioelectric batteries was intensively studied in
this thesis.

The introduction of graphene into PPy is expected to greatly improve the
electrochemical properties of PPy due to its high conductivity, large surface area and
excellent mechanical properties. In this work, a novel PPy/reduced graphene oxide
(r-GO) composite was fabricated by inducing an electrochemical reduction of
graphene oxide incorporated into PPy as the dopant. The incorporation of r-GO
significantly improved the electrical conductivity of the composite. The
incorporation and the subsequent reduction of GO in the PPy matrix can be
confirmed by Raman and spectroelectrochemistry. The GO concentration affected
i

the composite properties. The PPy/r-GO composites synthesized from 1 mg ml-1 GO
exhibited the best electrochemical performance and battery performance. In a
bioelectric battery, PPy/r-GO displayed a discharge voltage of 1.03 V, 380 mV
higher than that of PPy/p-toluenesulfonate (pTS) at 100 µA cm-2. Furthermore, the
PPy/pTS composite exhibited a considerable increase of charge transfer resistance in
electrochemical impedance spectra (EIS) when it was almost reduced. In contrast, a
slight increase in resistance was obtained for PPy/r-GO, demonstrating that the
resistivity in PPy is a determinant of cell performance.

Dextran sulphate (DS) is an anti-coagulant and its introduction into PPy/r-GO is
expected to not only improve the biocompatibility, but also enhance the doping level
of the composite, benefitting its use in bioelectric batteries. Thus, the PPy/r-GO/DS
composites were successfully prepared by employing a co-dopant system. The effect
of different feed ratios of r-GO and DS was studied by SEM, FTIR, UV-Vis and
Raman. PPy/r-GO1DS2 that was electro-synthesized from an aqueous solution
containing 1 mg ml-1 GO and 2 mg ml-1 DS exhibited a porous structure. It also
possessed the highest effective conjugation length as evidenced from UV-vis and
FTIR spectra, which results in the best electrochemical performance among PPy/rGO/DS composites as suggested in CVs. As a result, PPy/r-GO1DS2 showed a
superior performance at low current density in bioelectric batteries. However the
PPy/r-GO1DS1 outperformed PPy/r-GO1DS2 at a high density of 100 µA cm-2. The
results in EIS show a smaller resistance increase obtained for PPy/r-GO1DS1, than
for PPy/r-GO1DS2 in their nearly reduced state, indicating that the conductivity,
rather than redox property, was the more important factor that determines the battery
performance of PPy at a high current density.
ii

Due to the excellent electrical conductivity and stability of Poly (3, 4ethylenedioxythiophene) (PEDOT), its application in bioelectric batteries was
investigated as well. The PEDOT/biocompatible molecule composites were electropolymerized by using biomolecules dopants, hyaluronic acid (HA), chondroitin
sulphate A, sodium salt (CS) and dextran sulfate (DS). Poly (2-methoxyaniline-5sulfonic acid) is also used as dopant due to its biocompatibility. It is believed that all
these dopants could improve the biocompatibility of the composites. The PEDOT/DS
exhibited the best electro-activity as confirmed by CVs. The results from previous
chapters demonstrated that the electrical conductivity is the most important factor
that determines the battery performance of CPs at a high current density. Thus the
highly conductive r-GO sheets were co-incorporated into PEDOT with DS via an
electrochemical route. The synthesis of PEDOT/r-GO/DS composites was optimized
by varying the feed ratio of r-GO and DS. It was found that the doping level of
PEDOT can be tuned by adjusting the feed ratio of r-GO and DS as evidenced in
Raman spectra. The PEDOT/r-GO/DS composites with increased doping level
showed improved electrochemical properties in CVs and higher cell voltage in
bioelectric batteries, compared with pure PEDOT/r-GO or PEDOT/DS.

Graphene is another promising electrode material in bioelectric batteries because of
its biocompatibility and electrocatalysis towards oxygen reduction. In this work,
graphene foam (GF) was successfully synthesized with the use of a sacrificial Ni
foam template. Graphene foam exhibits a three-dimensional porous structure
resembling that of Ni foam. The graphene nanosheets assembly could provide
sufficient mechanical support itself by forming a free-standing 3D structure without a
nickel skeleton support. The as-prepared GF exhibited a superior battery
iii

performance to that of close compacted graphene paper in bioelectric batteries, due
to it affording easier access of ion and oxygen through the electrode. Furthermore,
GF could serve as a biocompatible and conductive substrate for the electropolymerization of PPy instead of a metal substrate, which is expected to improve the
biocompatibility of the whole electrode. The as-prepared PPy-coated GF exhibited an
improved electrochemical performance compared to GF.

iv
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1 INTRODUCTION

1.1

Power Sources for Implantable Medical Devices

Active implantable medical devices (AIMD) can treat and diagnose a variety of
diseases to maintain and improve human health. There emerges an increased demand
for AIMD with the increasing ageing population in the world. The commonly used
AIMD devices include pacemakers, implantable cardiac defibrillators (ICDs), drug
delivery systems, and neurostimulators. They can help manage a broad range of
ailments, such as cardiac arrhythmia, diabetes, and Parkinson’s disease. Proper
functionality of those medical devices relies heavily on a continuous and stable
energy supply from the power sources. Normally their powers are provided by
lithium batteries such as Li/I2, Li/V2O5, Li/MnO2, Li/Ag2V4O11 and Li/CFx.[1, 2]
Lithium batteries still dominate this market since the invention of lithium iodine
batteries in 1970s.[1] However, minimizing the size of AIMDs remains a challenge.
It is limited by the miniaturization of lithium batteries that account for a large
volume of the overall device, as a strong case is usually required to isolate the toxic
electrode/electrolyte preventing their contact with the human body. Thus the
innovation of novel battery systems is essential to minimize the size of AIMDs.

The batteries could be easily miniaturized if the case could be removed, when the
anode, cathode, as well as the reaction products are safe enough for implantation into
the body fluid, with body fluid serving as the electrolyte.[3] Hence research has been
extensively done to harness the electric power derived from indefinite energy sources
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of the body in the field of biofuel cell and bioelectric battery (i.e. bio-galvanic cell).
They are safe sustainable power sources for humans. [3]

1.1.1

Biofuel Cell

Biofuel cells can be defined as systems capable of directly converting chemical to
electrical energy via biochemical pathways. Similar to the classical fuel cells, a
biofuel cell is basically composed of an anode, at which the fuel is oxidized by
biocatalysts, and a cathode that consumes the electrons generated by the oxidant
which is oxygen in most cases. Biofuel cells can be classified according to the types
of biocatalysts. Systems using specific isolated or purified enzymes as catalysts are
known as enzymatic fuel cells (EFCs), while those utilizing whole living organisms
to continuously supply the catalytic enzymes are known as microbial fuel cells
(MFC). As for EFCs, the issue of life-time hinders its practical application because
enzymatic systems are certain to degrade over time. In contrast, MFC systems are
‘live’ and are therefore self-renewing and a steady state can be maintained.[4]
Therefore, MFCs are discussed as below.

1.1.1.1 Microbial Fuel Cell

Figure 1.1 shows a scheme of a microbial fuel cell. Generally, the fuel like glucose is
enzymatically oxidized at the anode, producing protons and electrons. At the cathode,
the oxidant (usually oxygen) reacts with electrons and protons, generating water.[5]
MFCs have been a research hotspot because they are suitable for application in the
2

field of small-scale bio-medical devices that are expected to convert chemical energy
from organic wastes into electricity with the use of microorganisms, such as bacteria,
as catalysts. They can also integrate environmental bioremediation with power
production in the human body.[6] In addition, fuel could be sourced from the body
fluid flow to provide a long term or even permanent power supply for such devices
as pacemakers, glucose sensors for diabetics or small valves for bladder control.[4]
MFCs could also be operated under a wide variety of reaction conditions, affording
the use of a much wider range of fuel substances.[4, 5]

Load
anode
gluscose

microorganisms

CO2

ecathode

O2

e-

H+

H2O

membrane

Figure 1.1: Schematic of a microbial fuel cell with living organisms as catalyst.

There are many factors affecting the performance of MFCs, including solution ionic
strength, anodophilic microbial consortia, cultivation conditions, and cell
configuration, etc. Particularly, the material of the electrode plays a profound role in
interfacial electron transfer resistance and actual accessible area for bacteria on the
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electrode, which subsequently affects the power output of MFCs.[7, 8] Compared to
complicated MFC systems, the bioelectric battery system is much simpler, which this
thesis mainly focuses on.

1.1.2

Bioelectric Battery

The concept of the bioelectric battery has existed since the 1970s, which can exhibit
a steady discharge performance under low current density.[9] Recently increased
attention has been paid to the development of bioelectric batteries.[10-12] Generally,
it relies on oxygen in internal body fluids for creating a voltage between an anode
electrode and a cathode electrode. Bioelectric batteries usually contain a sacrificial
anode (active metals like Mg or Zn) and a cathode (like Pt or Ti with high surface
area). Oxygen in the body fluids and anode are consumed to provide power. As
oxygen is present in the body in plentiful supply, the lifetime of the battery is limited
only by the amount of anode material. [9-11]

1.1.2.1 Configuration of a Bioelectric Battery

Materials that are chosen for anode and cathode of bioelectric batteries should not
bring toxicity to the organisms where they are implanted. The anode is a reactive
consumable metal, and it is consumed during the operation of the bioelectric battery.
The resulting product of reaction is released into the body. Therefore, the reaction
product of the anode should be a material that is normally present in the body and the
amount released into the body does not increase to a level beyond a normal level.
The promising anode materials includes zinc and magnesium alloys.[12-15]
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Figure 1.2: Schematic cell configuration and cathode/anode reactions for
magnesium-based bioelectric batteries.

The cathode is a non-consumable material, which might include, but is not limited to,
platinum or titanium. The cathode serves as a catalyst for the reaction. A coating is
commonly employed to increase the surface area or the electroactivity, resulting in
enhanced catalytic activity towards oxygen. Such coating may include platinum
black, iridium oxide (IrO2), ruthenium oxide (RuO2) or an IrO2/RuO2 mixture.[16-18]
Gernerally, the use of noble metal leads to the high cost of electrode materials for
bioelectric batteries.
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In a typical prototype bioelectric battery, the permeable membranes (e.g. PTFE) are
employed to encapsulate the cathode and the anode to prevent direct contact with the
body fluids. The permeable membrane allows the passage of oxygen and prevents
other substances in the body fluid from passing through the permeable membrane as
well. Moreover, the permeable membrane could hinder the corrosion of the anode to
some extent. [9-11]

1.1.2.2 Application of a Bioelectric Battery

The bioelectric battery has the advantages of small size, low cost and long lifetime,
and can be utilized as a low power source for AIMDs. Generally, the bioelectric
battery may provide power in the order of 100 µW, which may be sufficient to power
an implantable monitor, intrapericardial pacemaker, intraventricular pacemaker or
standard pacemaker.[9] Due to the small foot print and biocompatibility of all
components, the bioelectric battery could be implanted in the body (e.g., in the neck,
the pectoral cavity or superior vena cava etc.). Jimbo et al proposed a micro-voltaic
cell using the gastric fluid as the electrolyte for swallowable medical devices, such as
a capsule endoscope. The as-prepared cell generated 1.3 V and 1.0 mA, which were
found to be comparable to the conventional small batteries.[15]

However, a bioelectric battery commonly suffers from a low voltage and low current
output. It could not offer all the power capabilities desired for AIMDs, as some
AIMDs require rapid, high voltage and high current delivery (e.g., for cardiac
shocking). Thus bioelectric batteries are usually coupled with a rechargeable battery
with a high voltage and high current output in a hybrid battery system to provide
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optimized electrical sources for AIMDs in some cases. The function of a bioelectric
battery is to maintain the rechargeable cell at or near full power. This kind of hybrid
battery may be an improvement over the standard primary batteries.[10, 11]

1.1.2.3 Mechanism of Bioelectric Battery

A bioelectric battery (denoted as ‘bio-battery’ for simplification in the following) is a
derivative of metal/air batteries but with biocompatible cathode, electrolyte and
anode. Thus metal/air batteries are discussed as follows:

Metal/air batteries are receiving research attention in the area of energy storage due
to the high theoretical energy density.[19] A notable characteristic of metal/air
batteries is their open cell structure with oxygen accessed from the air as the cathode
material resulting in high energy density. This feature makes them akin to a fuel cell,
with the ‘‘fuel’’ being a metal. There are several kinds of metal-air batteries based on
different metal species, such as Li, Zn, Mg, Al etc.

Abraham et al. demonstrated in 1996 that a Li/O2 couple was inherently rechargeable
in a solid polymer electrolyte cell, which inspired Bruce and co-worker to develop a
more practical design for applications in 2006.[19, 20] A well configured Li/O2
battery can achieve an energy density of 3500 kWh kg-1, which is 15-20 times greater
than those of Li-ion batteries, making it a promising alternative for traditional lithium
ion batteries.[21, 22] However Li metal is explosively reactive with water, and thus a
non-aqueous electrolyte is required in the Li/air system, making it unsuitable for a
biocompatible system.
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Zn/air batteries are the most mature technology and have contributed significantly
toward the development of metal/air batteries. They have been commonly used in
hearing aids since the mid-1980s.[23-25] The overall discharge reaction can be
summarized as follows:[26]

From the reactions shown above, it can be seen that zinc ions generated at the zinc
anode migrate to the air electrode to complete the cell reaction in a zinc/air battery,
with a cell equilibrium potential of 1.65 V.[27] Due to the sluggish oxygen reduction
reaction (ORR) kinetics, the working voltage generated during its practical
application is usually below 1.0 V, much lower than its theoretical value (1.65 V).
Zinc/air batteries with KOH electrolyte are the most investigated because of their
superior ionic conductivity.[27] To find bio-battery applications for a zinc/air battery,
Li et al. established a Zn/biocompatible aqueous electrolyte/conducting polymer
battery system and the as-prepared batteries showed acceptable capacity even with
simulated body fluids (SBFs) with various protein concentrations.[28, 29]
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1.2

Magnesium/Air Battery

Magnesium/air battery is also intensively studied as similar to Zn/air battery. The
discharge mechanism of a magnesium/air battery is shown below:

The work in this thesis mainly focuses on the magnesium-based bio-battery. The use
of Mg is based on the fact that it provides a high energy density, is low in cost and
bioresorbable. Its advantages over Zn are discussed as follows.

1.2.1

Magnesium

Magnesium is one of the most studied metals in the field of implantation since
degradable metal implants made of magnesium alloys were introduced into
orthopaedic and trauma surgery in the first half of the last century. Magnesium metal
is fairly inexpensive, even when extracted from sea water. It is a lightweight metal
with a density of 1.74 g cm-3, about 1.6 and 4.1 times less dense than aluminum and
zinc, respectively. Magnesium is essential to human metabolism and is naturally
found in bone tissue. It is the fourth most abundant cation in the human body, and it
is estimated that 1 mol of magnesium is stored in the body for a normal 70 kg adult
with approximately half of the total physiological magnesium stored in bone
9

tissue.[30, 31] Furthermore, the level of magnesium in the extracellular fluid ranges
between 0.7 and 1.05 mmol L-1, where homeostasis is maintained by the kidneys and
intestine. Though serum magnesium levels exceeding 1.05 mmol L-1 can lead to
muscular paralysis, the incidence of hyper-magnesium is rare due to the efficient
excretion of the magnesium in the urine.[32, 33]

Compared with biocompatible zinc metals, magnesium has several particular
advantages as anode in bio-batteries. Firstly, the standard potential of magnesium (2.37 V) is more negative than that of zinc (-0.76 V), meaning much higher power
density can be driven from a magnesium/air battery; secondly, magnesium has ca.
2.7 times higher specific capacity than that of zinc (Table 1.1); thirdly, the
magnesium compound produced can be efficiently expelled out of the human body
with urine without causing severe problems. In contrast, excessive zinc can be
harmful, and cause zinc toxicity, even though zinc is an essential requirement for a
healthy body.[34] Therefore, magnesium is considerably superior to zinc as an anode
in a bio-battery in terms of its electrochemical and biocompatible properties.

Table 1.1: Comparison of Mg/O2 and Zn/O2 batteries. [35]
ENERGY

TYPE OF

CAPACITY

EMF

(Ah/kg metal)

(Volts)

Mg/O2

2, 222

3.08

6, 812

saline

Zn/O2

819

1.62

1, 329

alkaline
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DENSITY
(Wh/kg)

ELECTROLYTE

However, the main drawback of magnesium in many practical applications is its low
corrosion resistance, leading to quick corrosion in the physiological pH (7.4–7.6) and
high chloride environment of the physiological system, which greatly hinders the
application of magnesium in the human body. Using magnesium alloy is an
alternative way to improve the corrosion resistance of pure magnesium metal.[35-37]
Thus we use magnesium alloy (AZ61) in this work, which can provide improved
corrosion resistance and better discharge characteristics.

1.2.2

Air Cathode

The air cathode in metal/air batteries possesses two advantages over the metal oxide
cathode in the conventional primary batteries: high capacity and low weight
independent of the capacity. As the cathode reaction of a magnesium/air battery is
generally an oxygen reduction process, the electrocatalyst in the air electrode plays a
vital role in determining the electrode performance. One big challenge facing the
development of an air cathode is to find highly efficient and stable catalysts for ORR.
Most commonly studied electrocatalysts like noble metal (e.g. Ru, Pd) and transitionmetal oxides (e.g. MnO2) are toxic to the human body, and thus are not suitable for a
bio-battery.[23, 25, 38] Pt is a widely investigated catalyst in fuel cells with excellent
ORR activity. It has been proposed as a promising electrode in a bio-battery.[9-11]
However, the high cost hinders its practical application in a bio-battery. Recently,
conducting polymers have shown mild catalytic activity to oxygen and good
biocompatibility as well.[39-41] Furthermore, they also exhibit inherent fast redox
switching, high conductivity, mechanical flexibility and easy processability. With
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these characteristics, conducting polymers are expected to be promising air cathodes
for bio-batteries.

1.3

Conducting Polymers

Until about 35 years ago, traditionally polymers were thought to be insulators, and
that polymers with electrical conductivity were generally regarded as an undesirable
phenomenon. In 1977, polyacetylene (PAc) was firstly found to be electroconductive at a doped state by Shirakawa et al.[42] Since then, a series of conductive
polymers (CPs), including polyaniline (PANi), polypyrrole (PPy), polythiophene (PT)
and poly(3,4-ethylenedioxythiophene) (PEDOT) etc have been synthesised and
developed. Now they have been widely applied in many fields, such as energy
storage,[43-45] sensors,[46, 47] polymer light-emitting diodes[48, 49] and
biological/biomedical applications,[41, 50] due to their high conductivity, good
environmental stability, low-cost and ease of synthesis. Their schematic chemical
structures are shown in Figure 1.3.
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Polyacetylene
(PA)

Polypyrrole
(PPy)

Polythiophene
(PT)

Poly(3,4-ethylene
dioxythiophene)
(PEDOT)

Polyaniline
(PANI)
Figure 1.3: Schematic chemical structures of common conducting polymers.

The state of energy band determines the conductivity of materials. To understand the
energy band mechanism of CPs, take PAc as an example. In the simple structure of (CH)x-, carbon contributes a single pz electron to the π band. As a result, this band
would be half filled, leading to a one-dimensional metal-like conduction along a
neutral PAc chain. The increase in the π orbital overlap as the length of the PAc
chain increases is shown in Figure 1.4 (B). However, experimental studies show that
neutral PAc is a semiconductor with a band gap of 1.4-1.5 eV. In the case of PAc, the
doubly degenerate ground state is unstable, and undergoes Peierls distortion
(equivalent to the Jahn-Teller effect), resulting in an alternation of bond lengths
along the backbone (Figure 1.4 (C)).[51, 52] Furthermore, this process leads to a
splitting of the π band into an empty conduction band and a fully occupied valence
13

band, thus rendering PAc semiconducting. The band structure of the conjugated
polymer from monomer to polymer is shown in Figure 1.4 (A). In the case of
polyaromatic compounds, the band gap is determined by factors such as bond length
alteration, planarity of the monomer unit, aromatic resonance energy of the monomer,
donor acceptor effects of an eventual substitution, and the extent of interchain
coupling.[53]

Figure 1.4: Schematics of band gap of PAc (A) molecular energy level with
increasing chain, (B) uniform C-C bond and (C) degenerate state of PAc (adapted
from reference [53]).

When CPs extend conjugation, they give rise to two distinct energy levels depicted in
Figure 1.5: the highest occupied molecular orbitals (HOMO) called the valence band
14

(VB) and the lowest occupied molecular orbitals (LUMO) which is called the
conduction band (CB). The energy difference between these two bands is called the
band gap (Eg). The band gap of the CPs can be determined from the onset π – π*
transition of the UV spectra. To decrease the band gap between the VB and CB,
doping conducting polymers is an effective way to achieve the formation of charge
carriers along the polymer back bone.

Figure 1.5: Band theory of conducting polymer (adapted from reference [54]).

Doping in the CPs can be accomplished in number of ways as shown in Figure 1.6.
Meanwhile the doped CPs prepared by various doping methods can be used in the
different applications.
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Figure 1.6: Doping mechanism and its applications as proposed by Heeger (adapted
from reference [55]).

1.3.1

Biocompatibility of Conducting Polymers

Recent research in the biomedical field has demonstrated that CPs can be promising
candidate materials for many potential medical applications. In particular, CPs have
attracted much attention in the field of biosensing,[56, 57] drug delivery,[58]
bioactuators,[59] bioimaging[60, 61] and tissue engineering.[62-64] It has been
demonstrated that the introduction of biocompatible electroactive CPs into a
biological system has the potential to not only provide a physical substrate for cell
growth and tissue repair, but also allow the local delivery of an electrical stimulus to
a specific site to foster cell growth and repair damaged tissue.[65]
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Most researchers have focused on the use of specific molecules such as biomolecules
to achieve the expected properties that are important for use in vivo. The
chemical/biological properties of PPy can be tuned by varying the dopant, a major
constituent

of

the

composition,

indicating

the

possibility

of

improving

biocompatibility of PPy by using biomolecules as dopants. Cellular interactions have
been extensively explored for PPy or PEDOT.[41] PPy has demonstrated
cytocompatibility with a number of various cell types including neurons and neuronlike cells,[66, 67] endothelial cells,[68, 69], cardiac cells,[62] and neural stem
cells.[70] Furthermore, PPy is compatible with hypodermis tissues, brain tissue and
peripheral nerve in the in vivo tests.[71-73] Similar to PPy, PEDOT has been widely
employed for compatibility and neural recording/stimulation studies both in vitro and
in vivo. [41, 74, 75]

1.3.2

Oxygen Reduction via Conducting Polymers

Apart from the biocompatibility, the electroactivity and electrocatalytic activity are
required for an air cathode for bio-batteries. Most CPs have shown electrocatalytic
activity for the ORR.[39, 76-79] It is worth noting that oxygen can interact only with
CPs in the reduced state (close to fully-undoped state) as suggested by Khomenko et
al.[39] In other words, the reduced CPs are very easily oxidized by oxygen,[40, 79]
and they can be utilized as electrocatalysts for O2 in the metal/air batteries.[80] Wu et
al. have shown that polyacetyelene film can be recharged by oxygen oxidation and it
can be used as an O2 “fuel cell” type electrocatalytic electrode and as a cathode in
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batteries. This polyacetylene-based O2 “fuel cell” type system showed remarkable
reversibility when exposed to oxygen.[81, 82]

The interaction between molecular oxygen and undoped conducting polymer was
well studied. Khomenko et al. demonstrated a bridge model of oxygen adsorption on
PPy (Shown in Scheme 1.1 ). In accordance with calculations, the O–O bond orders
in chemisorbed oxygen molecules are lower than those in a free O2 molecule.
Besides, a noticeable increase in O–O bond length takes place during adsorption.
Thus, chemisorbed O2 molecules can be easily reduced as a result of a fairly high
degree of activation, leading to the electrocatalytic activity obtained for PPy.[39] A
similar mechanism takes place for PANI. More recently, the catalytic activity
towards oxygen of PEDOT was also reported in the applications of fuel cell and
metal/air batteries.[83-85]

Scheme 1.1: Bridge model of oxygen adsorption on PPy. (adapted from reference
[39])
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At the same time when oxygen is reduced, the re-oxidation process of polypyrrole
takes place. The electrochemical reaction proposed by Wu et al. is depicted in
Scheme 1.2. (adapted from reference [86])

Scheme 1.2: The oxidation process of polypyrrole by O2 (A- represents chargebalance anions).

Scheme 1.2 demonstrates a concept that oxygen reversible electrodes can be
constructed taking advantage of the unique redox properties of CPs, which is
extensively utilized in lithium ion batteries and supercapacitors.[87, 88] Based on
the discussions above on the biocompatibility and ORR electrocatalytic activity of
CPs, it could be concluded that PPy and PEDOT are suitable biocompatible
electrodes for bio-batteries.

1.3.2.1 Polypyrrole

Polypyrrole (PPy) is one of the most investigated CPs with relatively high
conductivity and good environmental stability. As a result, PPy has attracted wide
attention for its broad potential applications in energy storage application, such as
rechargeable

batteries,[43-45]

supercapacitors,[88-90]

fuel

cell.[91-93]

The

heteroaromatic and extended π-conjugated backbone structure of PPy provide it with
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chemical stability and electrical conductivity, respectively. However, partial charge
extraction from the PPy chain is also required by a chemical or an electrochemical
process referred to as doping, because the π-conjugated backbone structure of PPy is
not sufficient to produce enough conductivity on its own. The conductivity of neutral
PPy is remarkably changed from an insulating regime to a metallic one by doping.
The electronic structures of PPy with different doping levels are illustrated in Figure
1.7.[94, 95]

Figure 1.7: Electronic structures of (a) neutral PPy, (b) polaron in partially doped
PPy, and (c) bipolaron in fully doped PPy (adapted from reference [94, 95]).
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Polypyrrole is formed by the oxidation of pyrrole or substituted pyrrole monomers.
The

oxidations

have

been

carried

out

by

four

main

methods:

(1)

electropolymerization at a conductive substrate (electrode);[96, 97] (2) chemical
polymerization in solution by the use of a chemical oxidant;[55, 98] (3)
photochemically initiated polymerization [79, 99]; and (4) enzyme-catalyzed
polymerization.[79, 100, 101] However the latter two routes are less developed due
to the process complexity. These various approaches produce PPy with different
forms: chemical oxidations generally produce powders, whereas electrochemical
synthesis leads to films deposited on the conductive substrate, and enzymatic
polymerization gives aqueous dispersions.[102]

The electrochemical polymerization of polypyrrole is often preferred over chemical
polymerization, because it has the advantages of potentially easy processing and
higher control over the polymer thickness. Furthermore, the electropolymerization
method can produce a clean polymer, which prevents the unexpected incorporation
of ions from the oxidant as dopants in the chemical polymerization process.[81, 82,
103]

The application of CPs in energy storage utilize their conductivity and electroactivity.
CPs such as polypyrrole are readily oxidized and reduced, according to the reaction
in Scheme 1.3. Anion movement predominates during the oxidization and reduction
reactions in the case with a small mobile dopant used ( e.g., Cl-). If large anion
dopants such as polyelectrolytes are employed, then cation movement will
predominate.[102, 104, 105] The fact that CPs can be charged and discharged is
attributed to their doping/de-doping properties accompanied with the mobility of the
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anion and cation in solution and through the polymer. The catalytic activity for ORR
of PPy is related to its doping/de-doping properties, as suggested by Wu et al. [86]

Scheme 1.3: The electrodynamic character of polypyrroles (A- represents anions, X+
represents cations, e- corresponds to electrons and m determines molecular weight).

Our group have demonstrated a bio-battery that uses polypyrrole as the cathode and
bioresorbable Mg alloy (AZ61) as the anode.[106, 107] PPy doped with a biological
polyelectrolyte (dextran sulfate, an anti-coagulant) delivered a cell voltage of ca. 1.4
V at a current density of 30 µA g-1 in a bio-battery with phosphate buffered saline
(PBS) as electrolyte. It should be sufficient to drive some implantable devices
requiring low power densities such as a pacemaker or biomonitoring system.[107] To
minimize the discomfort caused by the mismatch between the electrode and soft
human body tissue if implanted, we have developed a conformal and stretchable
PPy/(p-toluenesulfonate (pTS)) electrode with buckled structure. This electrode
could retain its electrochemical properties in magnesium batteries after 2000
stretching cycles with 30% strain applied. The combination of stretchability, inherent
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biocompatibility and electrochemical properties makes PPy a promising material for
directly implantable batteries.[106]

1.3.2.2 Poly (3,4-ethylenedioxythiophene)

Polythiophene (PTP) and its derivatives, discovered in the mid-1980s,[108]
constitute a group of sulphur-containing heterocyclic conductive polymers.
Particularly, poly (3,4-ethylenedioxythiophene) PEDOT is considered as one of most
stable polythiophenes and its structure is shown in Figure 1.3. PEDOT is highly
conductive, ca. 300-500 S cm-1, can be p-doped and n-doped as other thiophene
derivatives are, and which has a very wide potential range of 1.4 V. In addition,
PEDOT attracts much focus in the field of energy storage due to its fast kinetics for
electrochemical processes, which can be ascribed to its high surface area coupled
with its high conductivity. Furthermore, it should be noted that PEDOT was recently
found to have unusually superior stability against thermal degradation and against
oxidation over relatively wider range of potentials compared to other common
conducting polymers. [109-111]

Winther-Jensen and co-workers firstly demonstrated the catalytic activity towards
oxygen reduction of PEDOT that was prepared by vapour phase polymerization. It
was shown that this kind of PEDOT with high conductivity, improved ordering and
stability had not only a comparable oxygen reduction rate with that of Pt-catalyzed
electrodes but also with high resistance to carbon monoxide poisoning.[83] A Zn/air
battery composed of PEDOT cathode was constructed, and it exhibited superior
electrochemical performance to that of similar devices based on Pt cathode in 1 M
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KOH electrolyte.[83] A magnesium/air battery composed of magnesium anode and
PEDOT cathode was also constructed by Winther-Jensen et al.[85] A stable potential
plateau of 1.5 V was obtained in a highly salty electrolyte of MgCl2 and LiCl at pH
11, showing good cell performance for at least 7 days. The current densities obtained
in this work should be sufficient for some bionics applications involving release of
nerve growth hormones from conducting polymer scaffolds.[85]

1.4

Graphene

Similar to conducting polymers, graphene also possesses two crucial characteristics
that are required for bio-batteries, i.e. catalytic activity and biocompatibility.[7]
Therefore, graphene is widely used in MFCs as cathode and its application in biobattery is investigated in this work. Now it is discussed in detail. Graphene, a
monolayer of sp2 bonded carbon atoms (shown in Scheme 1.4), has aroused great
interest due to its excellent electronic transport properties, large specific surface area,
excellent mechanical properties, and exceptional thermal and electrical conductivity.
It has been predicted to hold great promise for many potential applications such as
nanoelectronics,[112, 113] sensors,[114, 115] energy storage,[116-119] hydrogen
storage,[120, 121] and nanocomposites.[122]

Generally, many methods have been developed to prepare graphene materials,
mainly including mechanical exfoliation from bulk graphite,[123] epitaxial growth of
graphene films by vacuum graphitization,[124] chemical vapour deposition
(CVD),[125] ‘unzipping’ of carbon nanotubes (CNT) and reduction of graphene
derivatives, such as graphene oxide and graphene fluoride.[126-128] The reduction
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of graphene oxide is a general and reproducible approach for the mass-production of
graphene due to the ease of accessibility from graphite and the processibility in
aqueous solution for graphene oxide.[127]

Scheme 1.4: Schematic of a single layer of graphene.

1.4.1

Graphene Synthesis via Reduction of Graphene Oxide

Graphene oxide (GO), an inexpensive precursor, was first prepared 150 years
ago,[129] which offers the potential of mass production of graphene-based materials.
It contains a range of reactive oxygen functional groups, such as epoxide, carboxyl
and hydroxyl groups, which render it a good candidate for use in chemical
functionalizations of graphene oxide and graphene, such as sulfonated graphene,
chitosan-functionalized graphene and water soluble graphene.[130-132]
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A variety of methods have been developed to reduce GO to reduced graphene oxide.
Hydrazine or dimethylhydrazine,[127, 133-135] hydroquinone and NaBH4 have been
used to chemically reduce GO.[131, 136, 137] The thermal and microwave
treatments also provide other ways to reduce GO at elevated temperature without the
use of hazardous reducing agents.[138-140] Recently, direct laser reduction of
graphite oxide film was carried out in a standard DVD optical drive by Kaner and coworkers.[141] It is interesting to note that an electrochemical method reducing
exfoliated graphite oxide has attracted much interest due to its two distinct
advantages. On one hand, it is a facile, environmentally friendly method. Graphene
can be synthesized in a relatively pure form without any contamination of the
product, leading to its application in the field of biosensor and bioanalysis.[142, 143]
On the other hand, the energy barriers for the removal of functional groups of GO
can be easily overcome by applying a high negative potential to the system, therefore,
GO could be efficiently reduced. It is reported that the O/C ratio of obtained
electrochemically reduced GO was 4.23 %, much lower than that of chemically
reduced GO (6.25%).[144]

1.4.2

Biocompatibility of Graphene

Graphene has the potential to be useful in bio-applications. Biocompatibility is a
prerequisite for use in biological or medical applications. Thus, the toxicological and
ecological risks of graphene have been widely studied.

Kalbacova et al. demonstrated for the first time that CVD grown graphene is not
toxic for human osteoblasts and mesenchymal stromal cells (MSCs).[145] The
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biocompatibility of chemically reduced graphene paper was investigated by Li and
co-workers. Graphene paper provided a good substrate for the adhesion and
proliferation of the mouse fibroblast cell line (L-929), indicating its potential for
biomedical applications.[146] With unique electrical property and chemical stability,
graphene also offers another opportunity to develop friendly and special-purpose
interfacial materials for neural systems, such as neural chips, implanted electrodes
and drug/gene vectors.[147-149]

1.4.3

Application of Graphene in MFCs

In principle, most of the materials applicable to microbial fuel cells (MFC) could
also serve in bio-batteries. A good bio-electrode material in MFCs is expected to
have

high

conductivity,

chemical

stability,

mechanical

strength

and

biocompatibility.[7] Recently, many studies suggest that graphene is a promising
cathode material in MFCs due to its catalytic activity for the reduction of oxygen in
neutral media.[150] It has been reported that graphene coated carbon cloth improved
power density and energy conversion efficiency by 2.7 and 3 times compared with
those of bare carbon cloth, respectively.[151] The improvements are attributed to the
enhanced cathodic oxygen reduction and faster electron transfer kinetics in MFCs
systems. To enhance the catalytic activity towards oxygen reduction reaction (ORR)
for graphene in a MFC system, the nitrogen doped graphene (NG) was employed as
cathode, which showed an excellent electrocatalytic activity and stability for ORR in
neutral phosphate buffer solution (PBS).[152] Furthermore, iron and nitrogen doped
graphene (Fe/N/G) was synthesized and the as-prepared Fe/N/G cathode exhibited a
maximum power density of 1149.8 mW m-2, 2.1 times of that generated with a Pt/C
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electrode, suggesting that the Fe/N/G catalyst can be a promising candidate for ORR
in neutral pH condition.[153] Therefore, it is the rationale to utilize graphene as
cathode in the bio-batteries.

1.5

Goals for the Study

The aim of this study is to develop high performance air cathode materials for biobatteries. A series of novel conducting polymer and graphene based cathode
materials were designed and synthesized in this work. The approaches mainly
include 1) introducing novel dopant or co-dopant systems into conducting polymers,
which can benefit their use in bio-batteries; 2) developing porous structured graphene
foam to enhance the utilization efficiency of graphene, improving its performance in
bio-batteries. These approaches are addressed in Chapters 3, 4, 5 and 6 as described
below.

Chapter 3 discusses the preparation of PPy/reduced graphene oxide (r-GO) by
inducing electrochemical reduction of graphene oxide incorporated into PPy as the
dopant. The effect of the concentration of GO on the electrochemical property of
PPy/r-GO was studied and this novel material was well characterized by SEM, FTIR
and Raman. The influence of the incorporation of conductive r-GO on the
performance of PPy in bio-batteries was also investigated.

Chapter 4 describes the electro-synthesis of PPy/r-GO/dextran sulfate (DS)
composite by employing a co-dopants system. The co-dopants system is to enhance
the conjugation length of PPy/r-GO by the introduction of DS, which is confirmed by
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FTIR. This chapter focuses on investigating the determinant that affects the
performance of bio-batteries, by tuning the feed ratio of GO and DS during the
synthesis of PPy/r-GO/DS composites.

Chapter 5 describes the application of PEDOT as cathode in bio-batteries. The
PEDOT/biocompatible molecule composites were fabricated and characterized. DS
was selected as a dopant for PEDOT as PEDOT/DS exhibited the best electroactivity as evidenced in cyclic voltammograms, in comparison with hyaluronic acid,
chondroitin sulphate A, sodium salt, poly (2-methoxyaniline-5-sulfonic acid) doped
PEDOT. Additionally, a series of PEDOT/r-GO/DS composites were also
synthesized and characterized, and their applications in bio-batteries were
investigated.

Chapter 6 reports a cheap and facile method to obtain 3D free-standing graphene
foam (GF) and its application in bio-batteries. In addition, GF could serve as a
conductive substrate for the electro-polymerization of PPy. PPy-coated GF displayed
an improved cell performance compared with bare GF.
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1

2 EXPERIMENTAL METHODS

2
3

2.1

Chemical Reagents and Materials

4
5

The chemical reagents and materials used in this work are given in Table 2.1.

6
7
8

Table 2.1: List of chemicals and reagents.

Reagent

Grade

Company

Acetone

Analytical Reagent

Ajax Finechem

Ethanol

Analytical Reagent

Ajax Finechem

Isopropanol

Analytical Reagent

Ajax Finechem

Acetonitrile

Analytical Reagent

Ajax Finechem

Hydrochloric acid

Analytical Reagent

Ajax Finechem

Sulphuric acid

Analytical Reagent

Ajax Finechem

Potassium permanganate

Analytical Reagent

Chem Supply

Hydrogen peroxide (30%)

Analytical Reagent

Chem Supply

Pyrrole

Reagent

Sigma-Aldrich

Reagent

Sigma-Aldrich

3,4Ethylenedioxythiophene
41

Phosphate buffered saline

Sigma-Aldrich

Toluene-4-sulphonic
Sigma-Aldrich
sodium salt
p-Toluenesulfonic acid
98.5%

Sigma-Aldrich

Graphite

Purified

Fluka

chondroitin sulphate A,

≥60% (balance is

monohydrate

Sigma-Aldrich
sodium salt

chondroitin sulfate C)

Hyaluronic acid

Dextran sulphate

Sigma-Aldrich

Av. Mol. Wt 500,000

L-Ascorbic acid

1

2.1.1

Sigma-Aldrich

Sigma-Aldrich

Synthesis of Poly (2-methoxyaniline-5-sulfonic acid)

2
3

Poly (2-methoxyaniline-5-sulfonic acid) (PMAS) was kindly supplied and

4

synthesised by Dr. Sayed Ashraf in IPRI. The method is described below:

5
6

PMAS was synthesized chemically by the polymerization of 5 g (0.025 mol) 2-

7

Methoxy aniline-5-sulfonic acid (MAS) dissolved in 50 mL of water (milli-Q) at pH

8

4, which was adjusted by adding NH3 (28% w/w). To this stirred solution 7.14 g
42

1

(0.031 mol) of ammonium persulfate oxidant dissolved in 25 mL of water was added

2

and stirred overnight to complete the reaction. The temperature was kept between 5-

3

10 °C during the whole process. PMAS was purified by a cross flow dialysis system.

4
5

2.1.2

Synthesis of Graphite Oxide

6
7

Graphite oxide was synthesized from natural graphite by a modified Hummers

8

method as follows[1]: 1 g of flake graphite and 60 ml conc. H2SO4 were added in a

9

flask with stirring below 5°C. 4 g of KMnO4 was added slowly to keep the

10

temperature below 10°C and the reaction mixture was stirred for an additional 10

11

min. Then the mixture was left stirring at room temperature for 12 h. After the

12

reaction was complete, the flask was placed in an ice bath and 200 to 250 ml Milli-Q

13

water was slowly added to the reaction mixture, followed by the addition of 30%

14

H2O2 solution via a pipette until the mixture lightened in colour. Then the warm

15

suspension (around 40°C) was filtered, resulting in a yellow–brown filter cake. The

16

cake was washed for three times with a solution of 3% aqueous HCl (150 ml),

17

followed by washing with water. Finally the resulting solids can be collected from

18

the filter and further dried under high vacuum.

19
20

Exfoliation of graphite oxide to graphene oxide (GO) was achieved by

21

ultrasonication of graphite oxide dispersion for 40 minutes at 45% amplitude using a

22

Branson sonicator. The zeta potential of the 0.5 mg ml-1 GO dispersion produced

23

ranged between -30 to -40 mV (Malvern Instrument).

24
25
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1

2.1.3

Electrochemical Polymerization of Conducting Polymers

2
3

The electrochemical synthesis of conducting polymer films was carried out in a

4

standard three-electrode cell with a stainless steel mesh counter electrode and a

5

Ag/AgCl reference electrode (depicted in Figure 2.1).

6

7
8

Figure 2.1: The three-electrode electropolymerization cell.

9
10
11
12
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1

2.2

Characterization

2

2.2.1

3

2.2.1.1 Scanning Electron Microscopy

Physicochemical Characterization

4
5

Scanning Electron Microscopy (SEM) was utilized for morphological analysis of

6

micro/nano-structure, and the SEM was usually equipped with an energy dispersive

7

spectrometer (EDS). SEM/EDS provide semi-quantitative elemental analysis on

8

areas as small as nano-meters in diameter. In this study, the FESEM images were

9

recorded using a JEOL JSM7500FA cold-field-gun scanning electron microscope

10

(CFG-SEM) (JEOL Ltd., Japan). Typically a sample with a dimension of 5*5 mm2

11

was used for SEM analysis.

12
13

2.2.1.2 UV-Vis-NIR Spectroscopy

14
15

Ultraviolet-visible (UV-vis) spectroscopy is a common and versatile technique for

16

the quantitative determination of molecular structure. UV-vis spectra were recorded

17

using a UV spectrophotometer (UV-1800, Shimadzu) in the range from 200 to 1100

18

nm. In this work, UV-Vis spectra were used to determine the incorporation of

19

graphene oxide (GO) or reduced graphene oxide in the polymer matrix. According to

20

literatures, the absorption band at 219 nm is attributed to the π–π* transition of

21

aromatic C-C bonds for GO while the absorption around 271 nm is related to reduced

22

graphene oxide. [2]

23
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1

2.2.1.3 Fourier Transform Infrared Spectroscopy

2
3

Fourier transform infrared spectroscopy (FTIR) is a technique which gives

4

information on the vibrational and rotational modes of motion of a molecule. The

5

instrument used in this experiment was an FTIR spectrometer with attenuated total

6

reflectance mode (ATR) (IR Prestige-21, Shimadzu). ATR has advanced to become

7

the standard FTIR sampling technique, providing excellent data quality combined

8

with high reproducibility. In this work, PPy and PEDOT samples were measured

9

over the range 600 cm-1 to 4000 cm-1.

10
11

2.2.1.4 Raman Spectroscopy

12
13

Raman spectroscopy is a spectroscopic technique based on inelastic scattering of

14

monochromatic light, usually from a laser source in the visible, near infrared, or near

15

ultraviolet range. In this work, Raman spectra were obtained using a confocal Raman

16

spectrometer (Jobin Yvon HR800, Horiba) utilizing 632.8 nm diode lasers. The two

17

bands around 1580 cm-1 and 1335 cm-1 are assigned to the D and G bands for carbon

18

materials. The D band corresponds to the in-plane A1g zone-edge mode and the G

19

band is attributed to the first-order scattering of the E2g mode. The intensity ratio of

20

the D and G band (ID/IG) provides an estimate of the amounts of defects in the carbon

21

material under investigation, which is used to characterize reduced graphene oxide in

22

this study.[3, 4]

23
24
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1

2.2.1.5 Thermogravimetric Analysis

2
3

Thermogravimetric analysis was employed to determine the thermal stability of

4

composites by using a Q500 TGA analyzer (TA Instruments, UK). For a typical

5

measurement, a sample with an approximate mass of 4 mg was used for analysis and

6

heated in nitrogen flow (90 ml min-1) at a heating rate of 10 ºC min-1. The samples

7

were dried in a vacuum oven at 60 ºC overnight before the TGA test.

8
9

2.2.1.6 Zeta Potential Measurement

10
11

Zeta potential measurement is a technique to determine the surface charge of the

12

particles suspended in a liquid. Small particles do not form agglomerates when there

13

are large mutually repulsive electrostatic charges. Coagulation generally refers to

14

agglomeration by charge neutralization and can be controlled by the zeta potential in

15

relation to the stability of suspensions. The threshold region of either coagulation or

16

dispersion exists from about –14 mV to –30 mV. Values more electronegative than –

17

30 mV generally represent sufficient mutual repulsion to result in stability (i.e. no

18

agglomeration). In this study, zeta potential measurements were carried out to study

19

the stability of graphene oxide in the Milli-Q water by a zetasizer (Malvern

20

Instruments Limited, UK). [2]

21
22
23

47

1

2.2.2

Electrochemical Characterization

2
3

Cyclic voltammetry and electrochemical impedance spectroscopy were carried out in

4

a three-compartment electrochemical cell. The three-compartment electrochemical

5

cell was made of glass. The cell utilized an Ag/AgCl/3M NaCl reference electrode

6

and a Pt mesh counter electrode.

7
8

2.2.2.1 Cyclic Voltammetry

9
10

Cyclic voltammetry (CV) is a potentiodynamic electrochemical measurement which

11

can conveniently and reliably elucidate the electrochemical property of an analyte in

12

solution. In cyclic voltammetry, the electrode potential ramps linearly versus time as

13

shown in Figure 2.2. This ramping is known as the experiment's scan rate (V s-1).

14

The potential is applied between the reference electrode and the working electrode

15

and the current is measured between the working electrode and the counter electrode.

16

This technique is widely used to study the mechanism, kinetics, electrochemical

17

active surface area and thermodynamics of electrochemical reactions for either

18

heterogeneous reactions occurring at the electrode surface or homogeneous reactions

19

in solution.
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Figure 2.2: A classical triangular waveform used in cyclic voltammetry

3
4

The current flow is a result of the oxidation/reduction processes in CV, which is

5

useful in characterizing the electroactivity of the material. The oxidation and

6

reduction potentials can be also estimated from the peak positions, and the peak area

7

allows quantification of the charge passed during oxidation and reduction. Moreover,

8

the potential difference between the peaks for oxidation and reduction provides an

9

assessment of the reversibility (rate of electron transfer) of the electrochemical

10

reaction.

11
12

In this study, CV was mainly used to study the electrochemical redox processes and

13

determine the specific capacitance for electrode materials. The measurement was

14

performed using a SI1287 Electrochemical Interface (Solartron analytical, USA).

15

CVs of electrodes were recorded in a three-electrode system utilizing a Pt mesh

16

counter electrode and an Ag/AgCl reference electrode in the PBS (pH=7.4) solution.
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1

2.2.2.2 Electrochemical Impedance Spectroscopy

2
3

Electrochemical impedance spectroscopy (EIS) is used to characterize electrode

4

processes for electrode materials. Electrochemical impedance is usually measured by

5

applying an AC potential to an electrochemical cell and then measuring the AC

6

current signal through the cell. This current signal can be analyzed as a sum of

7

sinusoidal functions (a Fourier series). In this study, EIS was performed using a

8

Gamry EIS 3000™ system, and the frequency range spanned from 100 kHz to 0.1 Hz

9

with an AC amplitude of 10 mV at open circuit potential. The EIS results were

10

analyzed by using Zview software.

11
12

2.2.3

Battery Test

13
14

The bio-battery was constructed and composed of a magnesium alloy (AZ61) anode

15

and a biocompatible air cathode. Mg alloy was washed and polished with acetone

16

prior to use. Both anode and cathode were immersed in a beaker filled with the

17

electrolyte to a fixed height of 1 cm. The electrolyte was phosphate buffered saline

18

(PBS) solution (pH=7.4), a commonly used electrolyte in the biological research

19

field. The galvanostatic discharge tests were performed using a battery test system

20

(Land CT2001A, Wuhan Jinnuo Electronics Co. Ltd.).

21
22
23
24
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3 ELECTROCHEMICALLY SYNTHESIZED POLYPYRROLE/GRAPHENE
COMPOSITE FOR BIO-BATTERIES

3.1

Introduction

Polypyrrole (PPy) is one of the most interesting candidates for use as electrode
materials in energy storage devices.[1] Apart from its inherent redox properties,[2-4]
this material is light weight and possesses useful mechanical properties in terms of
tensile strength and flexibility.[5-7] More interestingly, the biocompatibility and
conductive properties of PPy make it an attractive substrate for neural scaffolds,
electrodes, and devices for biomedical application.[8-10] It has been reported that
undoped polypyrrole can be re-oxidized by oxygen, and it can be used as a catalyst
for O2 reduction reaction.[11-13] A much higher discharge capacity compared to its
theoretical faradaic capacity can be expected from polypyrrole when O2 is available
in the electrolyte. Therefore, PPy is utilized as an air cathode in a bio-battery coupled
with a magnesium anode in this work.[14, 15]

A bio-battery composed of a PPy/dextran sulfate (DS) cathode and a magnesium
anode exhibited a discharge capacity of 565 mA h g-1 in phosphate buffered saline
(PBS) solution, offering a specific energy density of ∼790 W h kg-1.[15] To be

conformal to the human body and minimize the discomfort, a buckle-structured

stretchable

PPy/(p-toluenesulfonate

(pTS))

on

a

Poly(styrene-block-

isobutyleneblock-styrene) (SIBS) substrate was prepared. It can retain its
52

electrochemical properties in magnesium batteries after 2000 stretching cycles with
30% strain applied. The combination of exceptional stretchability, inherent
biocompatibility and electrochemical properties makes it a promising material for
directly implantable batteries.[14] However, the poor conductivity in its undoped
state and unstable cycling performance have limited the practical application of PPy
in batteries.[1, 7] One commonly applied strategy used to overcome these drawbacks
is the formation of composites with other materials such as metal oxides or
carbons.[16, 17]

The introduction of carbon nanotubes into conducting polymers provides mechanical
reinforcement that accommodates the volumetric changes associated with the
charge/discharge process. In addition, the enhanced conductivity provided by the
carbon nanotube network enables a more rapid charge/discharge.[18, 19] Graphene, a
monolayer of sp2 bonded carbon atoms, is the most recently uncovered carbon
nanocomponent and has aroused great interest in those involved in energy
storage.[20-24] The effective integration of graphene into conducting polymer is
expected to provide unprecedented properties. For example, a large specific
capacitance and greatly improved electrochemical stability have been demonstrated
for polyaniline containing graphene.[25-27]

Graphene oxide (GO), an inexpensive precursor, is currently used to prepare
chemically or electrochemically reduced graphene, and chemically functionalized
graphene oxide such as sulfonated graphene.[28] It consists of a number of oxygen
containing functional groups including epoxy, hydroxyl, and carboxyl groups. These
functional groups make it possible for GO to function as the dopant when
53

incorporated into conducting polymers. Polypyrrole/graphene composites have been
prepared via chemical polymerization of pyrrole in the presence of graphite oxide
followed by chemical reduction using hydrazine monohydrate. The composite
produced exhibited a conductivity of approximately 8 S cm-1, about 40 times higher
than that of pure PPy.[29] Furthermore, the presence of graphene in the PPy is
expected to offer a conductive path for the charge transfer of PPy when it is reduced,
which avoids the effect from the very low conductivity of PPy in this state and
benefits its performance in bio-batteries. It is reported that PPy doped with carbon
nanotubes remained conducting even in its fully reduced state.[30, 31]

In this chapter, GO was doped into the polypyrrole matrix forming a
polypyrrole/graphene

oxide

composite

film

(PPy/GO)

via

a

facile

electropolymerization method. This film was subjected to electrochemical reduction
to produce polypyrrole reduced graphene oxide composite (PPy/r-GO). It is wellrecognised that GO can be electrochemically reduced to graphene.[32-38] This work
is the first report of electrochemical reduction of GO being used as a dopant in a
conducting polymer matrix.

The electrochemical method is an effective and environmentally benign approach to
produce PPy/r-GO. No oxidant or toxic reducing agent (e.g. hydrazine monohydrate)
is required. The PPy/r-GO film exhibited impressive electrochemical properties
including higher discharge potentials and more stable discharge potential at high
discharge current density in the bio-battery than those of PPy/pTS. Such
improvement afforded by PPy/r-GO could be attributed to the introduction of
graphene nanosheets into the composite, which leads to improved redox property,
54

and lower charge resistance particularly in the reduced state. The porous structure
induced with GO nanosheets as template for PPy growth facilitates the diffusion of
ions and oxygen, enhancing the oxygen reduction reaction (ORR) kinetics.

3.2
3.2.1

Experimental
Fabrication of PPy/r-GO

Polypyrrole (PPy)/p-toluenesulfonate (pTS) was galvanostatically electrodeposited
on a stainless steel mesh from an aqueous solution containing 0.1 M pyrrole
monomer and 0.1 M sodium p-toluenesulfonate. PPy/GO was galvanostatically
electrodeposited on a stainless steel mesh from an aqueous solution containing 0.1 M
pyrrole monomer and GO with its concentration varying from 0.5 to 4.0 mg ml-1. The
applied current density was 0.5 mA cm-2 and the amount of charge consumed was
1.2 C cm-2 for all PPy samples. PPy/reduced graphene oxide (r-GO) film was
obtained by electrochemically reducing PPy/GO film in PBS (pH=7.4) at a constant
potential of -1.1 V (vs Ag/AgCl) for 40 minutes.

Activated carbon electrode was prepared by mixing 95 wt % of activated carbon
black and 5 wt % PVDF in NMP and casting onto a glassy carbon.

3.2.2

Characterization

55

For the in-situ spectroelectrochemical measurements, a thin layer of PPy/pTS or
PPy/GO was electrodeposited onto a Au-coated quartz at a current density of 0.5 mA
cm-2 for 2 minutes, and it was equipped with a Pt mini-grid counter electrode and a
Ag/AgCl reference electrode with an optical path length of 10 mm. The
spectroelectrochemistry of the PPy/GO film on Au-coated quartz was investigated in
PBS over the applied voltages of +0.50 V to -1.1 V (vs. Ag/AgCl). When the current
produced and the absorption at 1100 nm reached a steady value at a given potential,
the corresponding UV-Vis absorbance was recorded using a UV spectrophotometer
(UV-1800, Shimadzu) in the range from 200 to 1100 nm.

56

3.3

Results and Discussion

Using conditions described in the Experimental section, it was found that
electrodeposited polypyrrole formed a black, coherent and adherent film on the
working electrode with either pTS or GO as dopant.

3.3.1

Optimization of PPy/r-GO Synthesis

3.3.1.1 Synthesis of PPy/GO

The chronopotentiograms (Figure 3.1) for PPy growth all exhibited an initial spike
due to charging of the double layer and oxidation of monomer, followed by a slow
potential decrease as polymer growth proceeded and approached a steady potential of
ca. 0.692, 0.585 and 0.502 V from the solution containing 1, 2 and to 4 mg ml-1 GO,
respectively. However, the potential began to increase after 25-min polymerization
with a solution containing 0.5 mg ml-1 GO, which might be due to insufficient GO
amount. It is worth noting that the deposition potential decreased as GO
concentration increased, which could be attributed to the increasing solution
conductivity as a consequence of increasing GO concentration in the solution.
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Figure 3.1: Chronopotentiograms for PPy/GO growth at 0.5 mA cm-2 with different
GO concentrations: (a) 0.5 mg ml-1, (b) 1 mg ml-1, (c) 2 mg ml-1 and (d) 4 mg ml-1.

It is evident from Figure 3.2 that there is a linear relationship between conductivity
and concentration of GO solution. The lower deposition potential for PPy from
higher GO content solution does not necessarily mean an enhanced polymer growth.
There are two processes involved during the PPy growth, which involves polymer
growth and GO physical absorption.[39] The negatively charged GO sheets are more
easily deposited on the surface of the positive working electrode. From Figure 3.3, it
can be seen that a thick layer of GO is formed for PPy/GO synthesized from a 4 mg
ml-1 GO solution during the polymerization process, which could be easily washed
away. Whereas, no such phenomenon was observed for PPy synthesized from low
GO content solution. It is assumed that this thick layer of non-conductive GO may
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create a physical barrier which hinders the pyrrole monomer from approaching the
surface of the electrode and disrupts the polymerization of polypyrrole.
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Figure 3.2: Solution conductivity as a function of GO concentration.

A

B

Figure 3.3: Photograph of as-synthesized PPy/GO synthesized from 4 mg ml-1 GO
solution: (A) before washing, (B) after washing.
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3.3.1.2 Electro-Reduction of GO in PPy

The cyclic voltammograms (CVs) of PPy/GO (Figure 3.4 (A)) shows a typical redox
couple for PPy with a broad cathodic and an anodic peak observed at approximately
-0.47 and -0.22 V vs. Ag/AgCl, respectively. A large cathodic current response was
generated in the region of -1.0 to -1.3 V in the first cycle, which could be attributed
to the reduction of GO. This reduction current decreased considerably in the second
cycle and became not noticeable after several scans, suggesting the complete
reduction of oxygen-containing functional groups of GO. This result clearly
demonstrated that PPy/GO could be effectively and irreversibly reduced at the
applied potential region. A similar phenomenon was also found for the CVs of pure
GO (Figure 3.4 (B)), confirming that GO in the PPy matrix could be reduced
electrochemically, which is in agreement with the above conclusion.

60

0.0015
0.0010

A

Current (A)

0.0005
0.0000
-0.0005
-0.0010
-0.0015
-0.0020
-0.0025
-1.2

-0.8

-0.4

0.0

0.4

Potential (V)
0.002

B

Current (A)

0.000
-0.002
-0.004
-0.006
-0.008
-1.5

-1.0

-0.5

0.0

Potential (V)

Figure 3.4: (A) Cyclic voltammograms of PPy/GO on the gold coated quartz in PBS
(pH=7.4) at 50 mV s-1; (B) Cyclic voltammograms of pure GO film on the gold
coated quartz in PBS (pH=7.4) at 50 mV s-1. Direction of arrows shows an increasing
number of cycles.

PPy/r-GO composites were obtained by electrochemical reduction of PPy/GO
composites in PBS (pH=7.4) solution at a constant potential of -1.1 V (vs Ag/AgCl)
for 40 minutes. The resultant composites from different concentrations of GO are
labelled as PPy/GO1 for 0.5 mg ml-1, PPy/GO2 for 1 mg ml-1, PPy/GO3 for 2 mg ml1

and PPy/GO4 for 4 mg ml-1, respectively.
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The FTIR spectra of PPy/r-GO composites are displayed in Figure 3.5. Among the
four composites, the PPy/GO2 showed the most pronounced peak centred at 1033
cm-1 (denoted as *), which corresponds to the mode of in-plane deformation
vibration of NH2+.[40, 41] In comparison, the corresponding band became broad for
PPy/GO1, PPy/GO3 and PPy/GO4, respectively, suggesting that the PPy chain was
not well protonated, indicating their shorter chain length. In accordance with the
results discussed above: the low concentration of GO results in the insufficient ion
mobility of electrolyte, leading to an increased deposition potential that affects the
growth of PPy. In the case of a high concentration of GO, the physical absorption of
GO involved in the polymerization process of PPy became more pronounced, and
hindered the growth of PPy. Based on the discussions, the 1mg ml-1 is a favourable
concentration for the growth of PPy.

*

Figure 3.5: FT-IR spectra of (a) PPy/GO1, (b) PPy/GO2, (c) PPy/GO3 and (d) PPy/
GO4.
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The CVs of all of the PPy/r-GO composites are shown in Figure 3.6. The PPy/GO2
exhibited the largest quasi-rectangular areas, indicating the best capacitive behaviour.
It displayed a broad anodic peak centred at ~ 0.12 V and a cathodic peak at ~ -0.4 V.

The potential gap between Epa (anodic peak potential) and Epc (cathodic peak
potential) of PPy/GO2 was also the smallest (0.26 V) among the four samples,
compared to that 0.63, 0.77, 0.88 V for PPy/GO1, PPy/GO3 and PPy/GO4
respectively, demonstrating its better electrochemical property. In comparison, no
obvious peaks were found for other composites. The superior property of PPy/GO2
agrees with the above conclusion that 1mg ml-1 is a favourable concentration for the
growth of PPy.
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Figure 3.6: Cyclic voltammograms of PPy/r-GO composites: (a) PPy/GO1, (b)
PPy/GO2, (c) PPy/GO3 and (d) PPy/GO4 in PBS (pH=7.4) at 50 mV s-1.

The electrochemical performances of PPy/r-GO materials in the bio-batteries are
illustrated in Figure 3.7. The four composite cathodes all exhibited stable plateaus at
different discharge current densities, and the corresponding voltages (plateau
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potential at the 12th hour) are summarized in Table 3.1. Generally, the electroactivity
of the material determines the cell voltage. PPy/GO2 displayed the highest discharge
potential among these four composites. As discussed in Chapter 1, the redox property
of PPy allows it to function as an electrocatalyst in bio-batteries, thus it can be
concluded that the superior battery performance of PPy/GO2 could be due to its
better redox property, which agrees with the results in CVs. Thus the PPy/GO2 was
selected to be further characterized by UV-Vis, SEM and Raman as described in the
following text.

Table 3.1: The dependence of the cell voltage produced on the discharge current
densities for the bio-batteries with different PPy composites cathodes.

Current density
(µA cm-2)
5

10

25

50

100

PPy/GO1

1.46

1.38

1.29

1.15

0.96

PPy/GO2

1.52

1.40

1.31

1.18

1.03

PPy/GO3

1.47

1.36

1.28

1.14

0.94

PPy/GO4

1.45

1.35

1.26

1.11

0.95

Potential (V)
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Figure 3.7: Discharge curves of the bio-batteries composed of (A) PPy/GO1, (B)
PPy/GO2, (C) PPy/GO3 and (D) PPy/GO4 cathode and Mg anode in PBS (pH=7.4)
at different current densities.
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3.3.2

Physicochemical Characterization of PPy/r-GO

Different characterization techniques were carried out to investigate PPy/r-GO. The
characterization results presented are for PPy/GO synthesized from a GO
concentration of 1 mg ml-1 unless otherwise specified.

3.3.2.1 In-situ UV-Vis-NIR Spectroscopy

To further characterize the electro-reduction process of GO entrapped in PPy,
spectroelectrochemical measurements were performed (Figure 3.8). As-synthesized
PPy/pTS film demonstrated the typical characteristics of ICPs, i.e. absorption peak at
420 nm and free carrier tail beyond 600 nm (Figure 3.8 (A)). This absorption peak is
related to the electron transition from valence band to antibipolaron band and the tail
is due to electron transition from the valence band to the bipolaron band.[42] The
absorption peak became pronounced and moved to low wavelength for the reduced
PPy. The free carrier tail was diminished at the applied negative potentials and
restored at the re-applied positive potential (+0.5 V), demonstrating the reversible
redox properties of PPy/pTS. The as-synthesized PPy/GO film displayed a strong
absorption band at 219 nm, and this is attributed to the π–π* transition of aromatic CC bonds for GO (Figure 3.8 (B)).[43, 44]

The free carrier tail observed at

wavelengths greater than 600 nm is indicative of polypyrrole being in the oxidized
and doped state. When a potential of -0.5 V was applied to the PPy/GO film, an
absorption band attributed to the PPy π–π* transition appeared at 387 nm.

The diminishing absorption beyond 600 nm confirmed reduction of the PPy
backbone. A new absorption peak at 271 nm (denoted as *), typical of absorption
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bands observed for reduced graphene oxide (r-GO), appeared when the potential
applied was -1.0 V. The absorption band at 219 nm almost disappeared at the applied
potential of -1.1 V, which indicates that graphene oxide entrapped within PPy could
be effectively reduced at this potential. When a potential of +0.5 V was subsequently
applied, the peak assigned to the reduced r-GO still existed and no peak
corresponding to GO could be found, confirming the irreversible nature of the
electrochemical reduction of the GO as described previously.[32, 34, 36-38, 45]

The effect of the reduction time on this electrochemical reduction process at the
applied potential of -1.1 V was also investigated (Figure 3.8 (C)). As the reduction
time increased, the absorption intensity relating to r-GO increased and the absorption
relating to GO diminished accordingly. The absorption intensity from GO could
barely be detected after 30 minutes reduction. The absorption band corresponding to
r-GO was red-shifted during this process. It appeared at 274 nm after 5 minutes
reduction, and it shifted to 280 and 285 nm as the reduction time increased to 15 and
30 minutes, respectively. This red-shift can be explained by the increased electronic
conjugation within the reduced graphene oxide sheets as the reduction progresses.[44]
It can be concluded that a 30-minute process ensured a complete reduction of
graphene oxide to r-GO.
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A)

B)

C)

Figure 3.8: Spectroelectrochemistry of PPy/GO during the electrochemical reduction
process in PBS (pH=7.4). (A) and (B) Different potentials (vs Ag/AgCl) were
applied consecutively at the as-synthesized PPy/pTS (A) and PPy/GO (B): -0.5 V, 0.8 V, -0.9 V, -1.0 V, -1.1 V and +0.5 V. (C) Different reduction times were applied
to the as-synthesized PPy/GO at -1.1 V (vs Ag/AgCl ): 5, 15 and 30 minutes.
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3.3.2.2 Morphological Analysis

Similar wrinkled or crumpled morphology was observed for both PPy/GO and PPy/rGO films, respectively. In comparison, PPy/pTS exhibited a cauliflower morphology
composed of large nodules, while a wrinkled morphology was observed for the
PPy/r-GO (Figure 3.9 (A) and Figure 3.9 (D)). The difference should be due to the
nature of dopant. Cross-sectional micrographs revealed a porous sheet-like structure
for PPy/r-GO (Figure 3.9 E and F) in contrast to the solid, compact structure
observed for PPy/pTS (Figure 3.9 B and C). The differences in structure of PPy/pTS
and PPy/r-GO may be attributed to the physical nature of the GO sheets, providing a
templating effect during PPy deposition.
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Figure 3.9: FESEM images of the surface morphology (A and D) and cross-sectional
views (B, C, E and F) of PPy/pTS (A, B, C) and PPy/r-GO films. (D, E, F).

3.3.2.3

Raman Spectroscopy

The Raman spectra obtained for PPy/pTS, PPy/GO and PPy/r-GO are shown in
Figure 3.10. In the spectrum obtained for PPy/pTS, bands located at 933, 983 and
1052 cm-1 can be assigned to C-H out-of-plane deformation, ring deformation and CH in-plane deformation of PPy, respectively [46-48]. The double bands at 1335 and
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1372 cm-1 and the band at 1580 cm-1 are attributed to ring-stretching and C=C
backbone stretching [49]. These characteristic bands for PPy were also observed in
the Raman spectra obtained for PPy/GO and PPy/r-GO films.

Nevertheless, a

significant increase in intensity was observed for bands around 1580 cm-1 and 1335
cm-1 after the introduction of GO and subsequently r-GO into the PPy matrix. These
two bands could be assigned to the D and G bands for carbon materials [43]. The D
band corresponds to the in-plane A1g zone-edge mode and the G band is attributed to
the first-order scattering of the E2g mode.The intensity ratio of the D and G band
(ID/IG) provides an estimate of the amounts of defects in the carbon material under
investigation. It was 1.03 for as-synthesized PPy/GO and increased to 1.24 after the
electrochemical reduction to form PPy/r-GO. Such an intensity ratio increase
indicates an increase in the number of defects. This phenomenon has been reported
for graphene obtained chemically or electrochemically reduced graphene oxide [32,
34, 36-38, 45]. It may be attributed to the increased number of new sp2 domains
being formed during the reduction process [43, 45].
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(a)

(b)
(c)

Figure 3.10: Raman spectra of (a) PPy/pTS, (b) PPy/GO and (c) PPy/r-GO.

3.3.2.4 TGA Measurement

The thermal stability of PPy/GO and PPy/r-GO composites is depicted in Figure 3.11.
In comparison, a much sharper mass transition is observed for PPy/GO over a
temperature range from 400 to 800 ºC, which is attributed to pyrolysis of the oxygencontaining functional groups from GO [43]. At 800 ºC, about 78% of the original
weight of PPy/r-GO remained as compared with only 47% for PPy/GO, suggesting
improved thermal stability. The enhancement in thermal stability for PPy/r-GO
should be due to the removal of oxygen-containing functional groups during the
reduction process of the GO component.
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(b)

(a)

Figure 3.11: TGA curves of (a) PPy/GO and (b) PPy/r-GO.

3.3.3

Electrochemical Characterization of PPy/r-GO

The electrochemical performance of PPy/pTS and PPy/r-GO was investigated using
cyclic voltammetry and electrochemical impedance spectroscopy, and the results and
discussions are stated as below.

3.3.3.1 Cyclic Voltammetry

Figure 3.12 shows that PPy/r-GO film displayed a larger quasi-rectangular area than
that of PPy/pTS. Additionally, the PPy/r-GO film exhibited well-defined
oxidation/reduction peaks compared to the distorted curves obtained for PPy/pTS.
This can be due to the presence of highly conductive r-GO component which
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significantly improved the conductivity of PPy, contributing to the superior
electrochemical performance for PPy/r-GO. Its porous structure also benefited its
electrochemical property.
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Figure 3.12: Cyclic voltammograms of (a) PPy/pTS and (b) PPy/r-GO composites in
PBS (pH=7.4) at 50 mV s-1.

3.3.3.2 Electrochemical Impedance Spectra

Electrochemical impedance spectroscopy (EIS) is widely used to gain a deeper
insight into electrochemical systems. In this thesis, PPy electrode is used as cathode
in the bio-battery system, and it is reduced during the discharge process. The
insulating property of PPy in the reduced state could influence the battery
performance significantly, therefore the resistance of PPy in the reduced state was
investigated (Figure 3.13).
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It can be seen from Figure 3.13 (1) that the PPy/r-GO and PPy/GO exhibited lower
real axis value at high frequency than that for PPy/pTS at open circuit potential,
demonstrating a smaller uncompensated solution resistance (Rs) indicative of a
higher conductivity. Interestingly, it can be noticed that the conductivity of PPy/r-GO
increased compared to that of PPy/GO. The enhancement in conductivity of PPy/rGO could be attributed to the reduction of graphene oxide into highly conductive
graphene in the PPy matrix. In general, the semicircle in the high to medium
frequency region is associated with the charge transfer reaction at the
electrolyte/electrode interface. Figure 3.13 (2) illustrates a much larger semicircle
observed for PPy/pTS at a potential of -0.8 V (vs. Ag/AgCl, reduced state),
indicative of its larger charge transfer resistance (Rct). A smaller semicircle was
observed for PPy/GO, which might be due to the partial reduction of GO into highly
conductive r-GO at -0.8 V. In comparison, a much smaller charge transfer resistance
was obtained for PPy/r-GO due to the fact that PPy/r-GO composite was still very
conductive even in the reduced state with the presence of fully reduced graphene
oxide. This result is consistent with the results obtained for PPy/carbon nanotube
(CNT).[30]
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A)

(1)
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Figure 3.13: Electrochemical impedance spectra of (a) PPy/pTS, (b) PPy/GO and (c)
PPy/r-GO films in PBS (pH=7.4) solution at (1) open circuit potential; (2) a potential
of -0.8 V vs. Ag/AgCl. (3) The equivalent circuit used for the simulation of EIS.

A simple equivalent circuit model is shown in Figure 3.13 (3) to analyse the
impedance spectra of the PPy composites. In the circuit, Rs is the bulk resistance of
the electrolyte; Rct is the charge transfer resistance. The constant phase elements
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CPE1, is associated with double-layer capacities across the PPy/electrolyte solution
interfaces; Wo corresponds to the Warburg impedance resulting from the semiinfinite diffusion of ions at the electrode at low frequency. The electrochemical
parameters of these three electrodes are simulated by using Z-view software, and a
good fitting between experimental results and the parameters simulated from the
equivalent circuit can be seen in Figure 3.13. The values of the parameters from the
impedance data are summarized in Table 3.2. It is clear that PPy/r-GO showed the
smallest value of Rct at 108.7 Ω cm-2, followed by PPy/GO at 851.3 Ω cm-2 and
PPy/pTS at 959.1 Ω cm-2. Therefore it can be concluded that the incorporation of
conductive r-GO could maintain the conductivity of the polymer when the PPy is in
its reduced state, which benefits its performance in bio-batteries.

Table 3.2: Electrode resistance obtained from the Nyquist analysis using the
equivalent circuit.

PPy/pTS

PPy/GO

PPy/r-GO

9.4

8.8

5.8

959.1

851.3

108.7

Rct (Ω cm-2)
OCP
-0.8 V vs.
Ag/AgCl
Note: OCP, open circuit potential.
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3.3.4

Battery Performance of PPy in Bio-batteries

In this part, the performance PPy/pTS in bio-batteries was first investigated to
elucidate the mechanism of PPy electrode in this cell. The discharge profiles
obtained using either activated carbon or the PPy/pTS in a bio-battery are shown in
Figure 3.14. The PPy/pTS outperformed activated carbon in the discharge voltage at
the low densities of 5, 10 and 25 µA cm-2 as shown in Table 3.3. Particularly, the
potential of plateau for PPy/pTS was 150 mV higher than that of activated carbon at
25 µA cm-2. It means PPy is a good electrocatalyst for bio-batteries. However at a
high discharge current density of 50 µA cm-2, the difference in discharge potentials
became smaller and the plateau of PPy/pTS became unstable. When the discharge
current density reached 100 µA cm-2, the potential of PPy/pTS dropped significantly,
220 mV lower than that of activated carbon. The considerable decrease of potential
for PPy/pTS could be due to the increasing resistance of the battery.
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Figure 3.14: The discharge curves of bio-batteries composed of (A) activated carbon,
(B) PPy/pTS cathode and Mg alloy anode in PBS (pH=7.4) solution at different
discharge current densities.
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Table 3.3: The dependence of the discharge current densities on the cell voltage for
activated carbon and PPy in bio-batteries.

Current density
(µA cm-2)
5

10

25

50

100

Activated carbon

1.40

1.31

1.12

1.00

0.87

PPy/pTS

1.46

1.37

1.27

1.09

0.65

Potential (V)

The mechanism of the oxygen reduction electrocatalysis also involves a redox
cycling process of PPy. Typically PPy exists in a stable oxidized form. It is readily
reduced by the action of the electrochemical cell (shown in Equation (1-1) and (1-3)
of Scheme 1.3). Then the O2 molecule absorbs into the surface of the PPy molecules
and rapidly re-oxidizes the PPy to its preferred oxidized state (shown in Equation (12) and (1-4) of Scheme 1.3).[12, 50, 51] The regeneration of PPy during the
discharge process makes the discharge process continuous for the bio-batteries.
However at a high discharge current density, PPy could not be re-oxidized
simultaneously to catch up with the reduction process. The re-oxidation process is
limited by the redox property of PPy and the mass transport of oxygen in the
electrolyte. At the insulating and reduced state, the resistivity of PPy increases
leading to a significant potential decrease as found for PPy/pTS at high current
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densities. It can be concluded that the redox property and the conductivity of PPy in
its reduced state play significant roles in the rate capability of bio-batteries.[52, 53]

Scheme 3.1: The electrodynamic character of polypyrrole in a bio-battery. (Arepresents anions, X+ represents cations, e- corresponds to electrons and m
determines molecular weight).

3.3.4.1 The Effect of O2 on the Battery Performance

It is clear to see that oxygen is a significant factor that influences the bio-battery
performance in Scheme 3.1. Hence, to investigate the effect of oxygen, the biobatteries were tested under different conditions. In Figure 3.15 (b), it can be seen that
the voltage of the battery decreased gradually down to ca. 0.60 V in the presence of
air (with no gas bubbling) during a 10-min discharge process. In the case of the
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battery system bubbled with nitrogen for 10 minutes prior to the test (Figure 3.15 (c)),
the potential decreased sharply within the first 3 minutes and was maintained at 0.55
V, which can be due to increasing cell resistance induced by reduced PPy. In
comparison, the voltage was still above 1 V after a slight voltage drop for the battery
with oxygen bubbling (Figure 3.15 (a)). This much smaller voltage drop can be
attributed to the rapid re-oxidation of PPy in the presence of O2, indicating that
oxygen concentration also plays an important role for a bio-battery system.
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Figure 3.15: Discharge curves of the bio-batteries composed of PPy/pTS cathode and
Mg alloy anode in PBS (pH=7.4) solution at a current density of 150 µA cm-2 with
10-min (a) oxygen bubbling, (b) no gas bubbling, (c) nitrogen bubbling prior to test.
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3.3.4.2 Stability of PPy in Bio-Batteries

The stability of PPy as cathode in bio-batteries was investigated as shown in Figure
3.16. The PPy electrode (black line) exhibited a stable discharge plateau at 1.26 V
during a 24-hour process. After ‘refresh’ the battery system with fresh electrolyte and
freshly polished magnesium alloy anode, the PPy electrode (red line) restored its
initial discharge properties, characteristic of a cathode material in the metal air
battery.[14] This feature makes PPy a promising catalyst in bio-batteries.
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Figure 3.16: Discharge curves of the bio-batteries composed of PPy/pTS cathode and
Mg alloy anode in PBS (pH=7.4) solution at 25 µA cm-2.
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3.3.4.3 Performance of PPy/r-GO

Figure 3.17 reveals the discharge profiles of the bio-batteries composed of PPy/pTS
and PPy/r-GO cathodes at different current densities, respectively. The PPy/r-GO
exhibited higher discharge plateau potentials compared to those of PPy/pTS, 1.52 vs.
1.46, 1.40 vs. 1.37, 1.31 vs. 1.27, 1.18 vs. 1.09 and 1.03 vs. 0.65 V, at the current
density of 5, 10, 25, 50 and 100 µA cm-2, respectively. The better battery
performance of PPy/r-GO can be ascribed to its superior redox property as evidenced
in CVs (Figure 3.12). On the other hand, the porous structure obtained for PPy/rGO2 allows easier access of ions and oxygen, contributing to an improved ORR
kinetics. More importantly, the presence of r-GO could provide a conductive path for
electrons even in the nearly insulating reduced state of PPy, maintaining the
electrical conductivity of reduced PPy, thus significantly enhancing the performance
of the cell at high current density.
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Figure 3.17: Discharge curves of the bio-batteries composed of (A) PPy/pTS and (B)
PPy/r-GO cathodes and Mg alloy anode in PBS (pH=7.4) solution at different current
densities.
3.4

Conclusion

In conclusion, we have demonstrated that a polypyrrole/graphene film (PPy/r-GO)
can be synthesized by direct electrochemical reduction of polypyrrole/graphene
oxide (PPy/GO) composite. In-situ UV-Vis and Raman spectra confirmed the
successful reduction of GO to r-GO in the polypyrrole matrix. The optimization was
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carried out by varying the GO concentration during the electropolymerization. The
PPy/r-GO2 composite from the solution containing 1 mg ml-l GO, with the best
electrochemical performance among all the PPy/r-GO composites, showed improved
redox property in CVs, lower charge transfer resistance in its reduced state in its EIS
spectrum and enhanced battery performance compared to those of PPy/pTS. The
improved electrochemical properties of PPy/r-GO may be due to the following
reasons: i) the porous structure facilitates the diffusion of ions and oxygen, which not
only improves the redox property of PPy but also enhances the ORR kinetics; ii) the
r-GO component in PPy maintains its conductivity and provides a conductive path
for electrons even in its nearly insulating reduced state which leads to an improved
battery performance. In future, the electrochemical property of PPy/r-GO could be
further improved by controlling the sheet size of GO.
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4 ELECTROCHEMICALLY SYNTHESIZED
POLYPYRROLE/GRAPHENE/DEXTRAN SULFATE COMPOSITES
FOR BIO-BATTERIES

4.1

Introduction

Polypyrrole (PPy) is a conducting polymer that can be doped with various agents to
alter its physical, chemical and electrical properties. By choosing an appropriate
dopant, the properties of the resulting polymers can be tailored for a specific
application. However in some cases, the single dopant can’t meet the requirements
for the practical applications. For example, if the dopant is a drug or macromolecule
of interest, the introduction of a co-dopants system into the conducting polymer can
reduce the amount of drug used but still keep its properties, or improve the electrical,
mechanical or other physical properties. Therefore the rationale is that the co-dopants
system be widely used to expand/explore the useful properties of PPy.

In our group, we have introduced toluene-4-sulphonic sodium salt (pTS) as codopants into the PPy/neurotrophin-3 (NT-3) composite for controlled release. The
presence of pTS in the composites greatly improved the mechanical properties of
PPy/NT-3 film, endowing its possibility in the practical application of drug delivery
devices.[1-3] In another case, a conducting soluble polypyrrole composite with
improved mechanical properties was synthesized by using dodecylbenzene sulfonic
acid (DBSA) and poly (2-acrylamido-2-methyl-1-propane sulfonic acid) (PAMPS) as
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co-dopants.[4] Lee and co-workers also used DBSA and copolymer containing Nisopropyl arcylamide (NiPAAm) moiety as co-dopants to provide the PPy composite
with processibility as well as thermosensitivity.[5] Kim and co-workers
demonstrated a PPy/laccase/2,2’-azino-bis(3-ethylbenzothiaxoline-6-sulfonic acid
(ABTS) composite that

can bio-electro-catalyze the conversion of oxygen to

water.[6]

It is well-recognized that the introduction of a biomolecule into a conducting
polymer composite can improve its biocompatibility.[7, 8] For example, heparin
doped PPy improves hydrophilicity and supports the adhesion of endothelial cells to
PPy,[9] while PPy doped with laminin peptide fragments encourages more neural
tissue growth than plain electrodes.[10] Dextran sulfate (DS) is a biodegradable and
biocompatible polyanion, bearing a branched carbohydrate backbone and negatively
charged sulfate groups. DS has been widely used in pharmaceutical formulations and
was reported as an effective matrix material for controlled release formulations based
on ionic interactions with basic drugs, such as insulin and antiangiogenesis
peptide.[11, 12]. Our group reported that PPy/DS would be suitable candidates for
further applications involving the electrical stimulation of skeletal muscle, or biobattery owing to its good biocompatibility and electro-activity.[13, 14].

PPy/r-GO has shown improved electrochemical performance in Chapter 3, therefore,
DS is incorporated into PPy/r-GO as co-dopant to improve its biocompatibility,
benefitting its use in bio-batteries as described in this chapter. Furthermore, the
introduction of DS is expected to further enhance the conjugation length of PPy,
leading to a better electrochemical performance. The as-prepared composite
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exhibited improved electrochemical property compared to that of PPy doped with DS
or r-GO alone.

4.2

Experimental

PPy was galvanostatically electrodeposited on a stainless steel mesh from an aqueous
solution containing 0.1 M pyrrole monomer and supporting electrolyte containing
GO and DS. The effects of GO and DS concentration on the electropolymerization of
pyrrole were investigated by varying the concentration of DS, from 0, 0.5, 1.0, 2.0 or
4.0 mg ml-1 with a constant concentration of GO (1.0 mg ml-1). This concentration of
GO has been proven to produce PPy with optimal performance in Chapter 3. The
applied current density was 0.5 mA cm-2 and the amount of charge consumed was
1.2 C cm-2 for all PPy samples. PPy/r-GO/DS film was obtained by electrochemically
reducing PPy/GO/DS film in PBS (pH=7.4) solution at a constant potential of -1.1 V
(vs Ag/AgCl) for 40 minutes.
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4.3

Results and Discussion

4.3.1

Synthesis of PPy/GO/DS

Using conditions described in the Experimental section, it was found that polypyrrole
formed a uniform, adherent film on the working electrode with DS, GO or codopants as dopants, respectively.

4.3.1.1 Effect of the Feed Ratio of GO to DS

As discussed in the previous chapter, 1.0 mg ml-1 was a suitable concentration to
obtain PPy/r-GO with optimal electrochemical performance, thus it was set as the
constant concentration to prepare PPy/r-GO/DS. The PPy composites obtained from
different mass ratios of GO to DS are labelled with the ratio. Take PPy/GO2DS1 as
an example, indicating that it was electro-synthesized from the supporting electrolyte
with a mass ratio of 2:1 (GO : DS).

The chronopotentiograms (Figure 4.1) all exhibited an initial spike due to charging of
the double layer and oxidation of monomer, followed by a slow potential decrease as
the PPy composites growth proceeded. It can be clearly observed that the initial
potential decreased significantly with increasing DS concentration in the solution,
suggesting enhanced polymer growth.
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Figure 4.1: Chronopotentiograms of (a) PPy/GO, (b) PPy/GO2DS1, (c) PPy/GO1DS1,
(d) PPy/GO1DS2 and (e) PPy/GO1DS4 composites electrodeposited on Au-coated
quartz at a current density of 0.5 mA cm-2 for 2 minutes.

Figure 4.2 shows the conductivity of 1.0 mg ml-1 GO solution containing various
concentrations of DS from 0, 0.5, 1.0, 2.0 to 4.0 mg ml-1. According to Figure 4.2,
the solution conductivity increased with increasing DS concentration in the solution
as a result of increasing ionic mobility by adding DS. Thus the lower deposition
potential obtained for PPy composites during growth (Figure 4.1) can be attributed to
the improved ion mobility in the supporting solution.
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Figure 4.2: Conductivity of 1.0 mg ml-1 GO solution containing various
concentrations of DS from 0, 0.5, 1.0, 2.0 to 4.0 mg ml-1.

Figure 4.3 illustrates that the zeta potential of GO particles became much more
negative with increasing concentration of DS in the solution. It means that the
presence of negatively charged DS increases the stability of the GO suspension in the
solution. It is well-recognized that the GO suspension is more stable with more
negative zeta potential.
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Figure 4.3: Zeta potentials of 1.0 mg ml-1 GO solutions containing DS (0, 0.5, 1.0,
2.0 or 4.0 mg ml-1) at pH 3.5.

4.3.2

Physicochemical Characterization

4.3.2.1 UV-Vis-NIR Spectroscopy

The UV-Vis-NIR spectra of PPy composites are shown in Figure 4.4. The assynthesized PPy/GO film displayed a strong absorption band at 219 nm, and this is
attributed to the π–π* transition of aromatic C-C bonds for GO.[15, 16] Also a
typical absorption band attributed to the PPy π–π* transition appeared at 387 nm.
With the increasing concentration of DS, the peaks corresponding to π–π* transition
of PPy red-shifted, demonstrating higher conjugation length obtained for PPy.[17, 18]
It is noted that the PPy/GO1DS2 showed a much stronger band than PPy/GO2DS1,
PPy/GO1DS1 and PPy/GO1DS4 composites at the wavelength of 415 nm, which
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reflects the higher conjugation length and higher conductivity obtained for
PPy/GO1DS2.
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Figure 4.4: UV-Vis-NIR spectra of PPy composites: (a) PPy/DS, (b) PPy/GO1DS4, (c)
PPy/GO1DS2, (d) PPy/GO1DS1, (e) PPy/GO2DS1 and (f) PPy/GO on Au-coated
quartz.

4.3.2.2 Morphological Analysis

PPy/r-GO/DS composites were obtained by electrochemically reducing PPy/GO/DS
composites in PBS (pH=7.4) solution at a constant potential of -1.1 V (vs Ag/AgCl)
for 40 minutes.

In Figure 4.5, a typical wrinkled morphology was observed for PPy/r-GO due to the
template effect of GO sheets, which was also observed for PPy/r-GO2DS1 and PPy/r98

GO1DS1. Interestingly it can be observed that a novel porous structure was obtained
for PPy/r-GO1DS2 and PPy/r-GO1DS4 as the concentration of DS increased, which is
different from the wrinkled morphology of PPy/r-GO or cauliflower morphology of
PPy/DS. This result may stem from the ‘competitive relationship’ between GO and
DS as co-dopants during the electro-synthesis process, indicating GO and DS were
coincidentally incorporated into the PPy matrix. It is worth noting that the porous
structure would favour the ORR kinetics.
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Figure 4.5: FESEM images of surface morphology of (A) PPy/r-GO, (B) PPy/rGO2DS1, (C) PPy/r-GO1DS1, (D) PPy/r-GO1DS2, (E) PPy/r-GO1DS4 and (F) PPy/DS.
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Figure 4.6 displays the cross-sectional FESEM images for PPy doped with r-GO and
DS in the different ratios. PPy/r-GO showed a sheet-like structure compared to a
compact structure observed for PPy/DS. As the concentration of DS increased, the
sheet-like structure became more compact for PPy/r-GO2DS1 and PPy/r-GO1DS1.
Interestingly, PPy/r-GO1DS2 showed a porous structure instead of the sheet-like
structure. However when the ratio of GO and DS reached 1:4, the porous structure
was significantly diminished, resulting in a compact structure for PPy/r-GO1DS4.
The evolution of structure could be attributed to the ‘competitive relationship’
between GO and DS during polymerization. The porous structure of PPy/r-GO1DS2
is expected to improve the ion and oxygen transport within the PPy matrix, leading to
an enhanced electrochemical performance.
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Figure 4.6: FESEM images of cross-section of (A) PPy/r-GO, (B) PPy/r-GO2DS1, (C)
PPy/r-GO1DS1, (D) PPy/r-GO1DS2, (E) PPy/r-GO1DS4 and (F) PPy/DS.

4.3.2.3 Raman Spectroscopy

To further characterize the co-deposition of r-GO and DS, Raman spectra were
obtained and shown in Figure 4.7. All these materials exhibited the characteristic
absorption bands relating to polypyrrole. The bands located at 933, 983 and 1052 cm101

1

can be assigned to C-H out-of-plane deformation, ring deformation and C-H in-

plane deformation of PPy, respectively. The bands around 1580 and 1335 cm-1 could
be assigned to the D and G bands for carbon materials.[15] In addition, PPy/DS
exhibited a small peak (denoted as *) at ca. 1087 cm-1, which is associated with
vibration of sulfonate groups in the polymer.[19, 20] PPy/r-GO1DS2 and PPy/rGO1DS4 composites also revealed this characteristic absorption band for DS,
demonstrating the successful incorporation of DS in the PPy matrix. As the content
of DS decreased in the polymer, the peak at 1087 cm-1 became negligible for PPy/r-
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Figure 4.7: Raman spectra of PPy composites: (a) PPy/DS, (b) PPy/r-GO1DS4, (c)
PPy/r-GO1DS2, (d) PPy/r-GO1DS1, (e) PPy/r-GO2DS1 and (f) PPy/r-GO.
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4.3.2.4 FTIR Spectroscopy

The PPy/r-GO, PPy/r-GO/DS and PPy/DS composites all exhibited the characteristic
absorption bands of PPy in the FTIR spectra (Figure 4.8). The peaks at ca. 1146 and
1540 cm-1 are assigned to C-N stretching and C=C backbone stretching of PPy,
respectively, suggesting that PPy was successfully polymerized. In particular the
peaks around ca. 1090 and 860 cm-1 (denoted as *) were observed for PPy/DS and
PPy/r-GO/DS composites, which is a symmetric SOO- stretching vibration and a
symmetrical C-O-S vibration associated with the C-O-SO3 group, respectively,
proving the presence of DS in the PPy matrix as dopant.[21] Furthermore, it is
known that the skeletal vibrations, involving the delocalized pi-electrons, are
affected by doping of the polymer. Therefore the peak centred at 1540 cm-1 is
characteristic of the doped material, and the shift of this peak can be caused by the
different degree of doping of PPy.[22] The observed shifts of this band for PPy/rGO/DS composites (shown in Table 4.1) could be due to the change in doping level
of PPy.[22, 23]
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Figure 4.8: FTIR spectra of PPy composites: (a) PPy/r-GO, (b) PPy/r-GO2DS1, (c)
PPy/r-GO1DS1, (d) PPy/r-GO1DS2, (e) PPy/r-GO1DS4 and (f) PPy/DS.
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Table 4.1: The frequencies of C=C backbone stretching for PPy/r-GO, PPy/rGO2DS1, PPy/r-GO1DS1, PPy/r-GO1DS2, PPy/r-GO1DS4 and PPy/DS composites.

Frequency of C=C backbone
Sample
stretching (cm-1)
PPy/r-GO

1539

PPy/r-GO2DS1

1543

PPy/r-GO1DS1

1543

PPy/r-GO1DS2

1547

PPy/r-GO1DS4

1539

PPy/DS

1535

The electronic properties of conductive polymers are strongly dependent on effective
conjugation length. Defects that interrupt conjugation include sp3 carbons, carbonyl
groups, crosslinks, etc.[22] A qualitative measure of the conjugation length in
polypyrrole has been developed based on the theoretical work by Zerbi et al.[24-27]
Tian and Zerbi have used a parameter called the effective conjugation coordinate to
calculate FTIR spectra for PPy. This theory successfully predicts the number and
position of the main infrared bands of PPy and shows that the IR spectrum is strongly
influenced by the conjugation length.[24, 25] In particular, Zerbi’s calculations
predict that as the conjugation length is increased, the intensity of the antisymmetric
ring stretching mode at 1540 cm-1 will decrease relative to the intensity of the
symmetric mode at 1440 cm-1. As a result, the ratios of the intensities of the 1540
cm-1 and 1440 cm-1 bands in FTIR spectra can be used to obtain a relative estimation
of the conjugation length for PPy. Here, we used this method to compare the
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conjugation lengths for co-doped PPy composites. In Table 4.2, a decrease of
intensity ratio of bands between 1540 and 1440 cm-1 were observed for PPy/r-GO/DS
composites by using DS as co-dopant, compared to that of PPy/GO or PPy/DS,
indicative of the extension of conjugation length for PPy. However, the intensity
ratio increased as the concentration of DS reached 4 mg ml-1 in the solution. It might
be due to easier access to active sites of Py monomer for DS with a high
concentration during electro-synthesis, which limited the incorporation of GO into
the PPy matrix, leading to a decrease in conjugation length. It is worth noting that the
intensity ratios of PPy/r-GO and PPy/DS are both high. The low conjugation length
of them means they could not be effectively incorporated into the PPy matrix due to
the difficult mobility and large molecule size of GO and DS. The different molecular
shapes of these two dopants might allow more efficient doping of the polymer in a
co-dopants system, leading to an increase in conjugation length. Thus it can be
concluded that the co-dopants system can increase the effective conjugation length
for PPy due to the synergistic effect between r-GO and DS.
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Table 4.2: The intensity ratio of bands at 1540 and 1440 cm-1 for PPy/r-GO, PPy/rGO2DS1, PPy/r-GO1DS1, PPy/r-GO1DS2, PPy/r-GO1DS4 and PPy/DS composites.

4.3.3
4.3.3.1

Sample

I1540/I1440

PPy/r-GO

1.010

PPy/r-GO2DS1

0.983

PPy/r-GO1DS1

0.984

PPy/r-GO1DS2

0.972

PPy/r-GO1DS4

0.998

PPy/DS

0.995

Electrochemical Characterization
Cyclic Voltammetry

The cyclic voltammograms of PPy films are shown in Figure 4.9. The PPy/r-GO
displayed a redox couple with the cathodic peak and anodic peak centred at
approximately -0.35 V and 0.05 V, respectively. And the reduction and oxidation of
PPy/DS occurred at -0.64 V and 0.15 V, respectively. The differences in the redox
couples of the two composites are due to their own nature of the dopant. It is
interesting to note that the current response of PPy/r-GO/DS increased with the
increment of DS concentration except for PPy/r-GO1DS4, which matches the results
in Table 4.2. It means that the conjugation length of the conducting polymer is
associated with its electrochemical performance. Particularly, PPy/r-GO1DS2
exhibited the largest current response with two broad cathodic peaks observed at 107

0.36 and -0.69 V, which are very close to that obtained for PPy/r-GO (-0.35 V) and
PPy/DS (-0.64 V), respectively, implying the presence of r-GO and DS as co-dopants
in the polymer matrix. The superior electrochemical property of PPy/r-GO1DS2
might be due to its porous structure (Figure 4.5) and higher conjugation length
(Table 4.2). The porous structure in the PPy film favours mass and electron transport,
making it easy for cations or anions to participate in the doping/dedoping process of
PPy. In addition, the increased conjugation length of PPy/r-GO1DS2 also contributes
to its better electrochemical performance.
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Figure 4.9: CV curves for PPy composites: (a) PPy/r-GO, (b) PPy/r-GO2DS1, (c)
PPy/r-GO1DS1, (d) PPy/r-GO1DS2, (e) PPy/r-GO1DS4 and (f) PPy/DS in PBS
(pH=7.4) at 50 mV s-1.
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4.3.3.2 Electrochemical Impedance Spectra

AC impedance spectroscopy was employed to investigate the diffusive-capacitive
feature of PPy in its reduced state in a three-electrode cell in PBS (pH=7.4) solution
(Figure 4.10). To evaluate the charge transfer resistance (Rct) in the electrochemical
system quantitatively, a simple equivalent circuit model was used and shown in
Figure 4.10 (3), as it could fit the experimental results very well for the PPy system
that has already been discussed in Chapter 3. The values of Rct from the impedance
data are summarized in Table 4.3. The order of the magnitude of Rct appeared to be
PPy/r-GO1DS2> PPy/r-GO1DS1 > PPy/r-GO2DS1 > PPy/r-GO > PPy/r-GO1DS4 >
PPy/DS at open circuit potential, which matches the electrochemical properties of
PPy observed in CVs (Figure 4.9). When the potential decreased down to -0.8 V vs.
Ag/AgCl, the Rct increased significantly for all PPy composites but at different
magnitudes, which was due to the poor electrical conductivity of PPy in its reduced
state. Interestingly noting, the lowest Rct was obtained for PPy/r-GO1DS1, rather
than PPy/r-GO1DS2, and the Rct of PPy/r-GO and PPy/r-GO2DS1 were also lower
than that of PPy/r-GO1DS2. Meanwhile, much higher Rct were observed for PPy/rGO1DS4 and PPy/DS which possessed lesser amount of r-GO in their matrix. Thus it
can be concluded that the electrical conductivity became the most important factor
that affects the Rct of PPy in the reduced state.
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Table 4.3: Electrode resistance obtained from the Nyquist analysis using the
equivalent circuit for PPy films.

PPy/

PPy/r-

PPy/r-

PPy/r-

PPy/r-

PPy/

r-GO

GO2DS1

GO1DS1

GO1DS2

GO1DS4

DS

5.8

5.0

3.2

2.3

8.2

9.4

108.7

104.1

102.5

117

470.1

1178.6

Rct (Ω cm-2)
OCP
-0.8 V vs.
Ag/AgCl
Note: OCP, open circuit potential.
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Figure 4.10: Electrochemical impedance spectra of PPy composites in PBS (pH=7.4)
solution: (a) PPy/r-GO, (b) PPy/r-GO2DS1, (c) PPy/r-GO1DS1, (d) PPy/r-GO1DS2, (e)
PPy/r-GO1DS4 and (f) PPy/DS obtained at (1) open circuit potential, (2) -0.8 V vs.
Ag/AgCl reference electrode; (3) The equivalent circuit used for the simulation of
EIS.
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4.3.4

Battery Performance

Figure 4.11 illustrates the discharge curves of the bio-batteries composed of PPy
composites and Mg alloy anode in PBS (pH=7.4) solution at different current
densities, and the corresponding discharge potentials are summarized in Figure 4.12.
In Particular, PPy/r-GO1DS2 exhibited higher voltages than those of other PPy
composites at the current densities of 5, 10, 25, 50 µA cm-2. This could be attributed
to its superior electrochemical property observed in CVs. Its porous structure also
benefits its battery performance due to improved ORR kinetics. When the current
density was increased to 100 µA cm-2, the PPy/r-GO1DS1 outperformed PPy/rGO1DS2 by affording a higher potential due to reduced resistance increase.
Furthermore, the differences between PPy/r-GO, PPy/r-GO2DS1 and PPy/r-GO1DS2
in the cell voltage became much smaller at this current density. The worse
performance of PPy/r-GO1DS2 could be ascribed to its larger cell resistance as
suggested in EIS, leading to a larger voltage drop. The results demonstrated that the
r-GO plays the most important role in the performance of bio-batteries at high
current density. The conductive channels r-GO provided ensured a good electron
transport environment for PPy during the discharge process.
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Figure 4.11: Discharge curves of the bio-batteries composed of (A) PPy/r-GO, (B)
PPy/r-GO2DS1, (C) PPy/r-GO1DS1, (D) PPy/r-GO1DS2, (E) PPy/r-GO1DS4 and (F)
PPy/DS cathode and Mg alloy anode in PBS (pH=7.4) solution at different current
densities.

113

1.8
PPy/r-GO
PPy/r-GO2DS1
PPy/r-GO1DS1
PPy/r-GO1DS2
PPy/r-GO1DS4
PPy/DS

Potential (V)

1.5

1.2

0.9

0.6
5

10

25

50

-2

100

Current density (µAcm )
Figure 4.12 The dependence of the discharge current densities on the discharge
plateau potential (V) for the PPy composites in bio-batteries.
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4.4

Conclusion

PPy/r-GO/DS composites were prepared by employing a co-dopants system to
improve the electro-activity of PPy/r-GO. The effective conjugation length was
enhanced by adjusting the feed ratio of GO to DS, as confirmed by UV-Vis and
FTIR spectra. PPy/r-GO1DS2 was found to have the highest effective conjugation
length, due to the synergistic effect of GO and DS. It also displayed a porous
structure. From CVs, PPy/r-GO1DS2 displayed the best electrochemical performance
among these composites. The improved electrochemical property of PPy/r-GO1DS2
resulted in a better battery performance at low current density. However, at high
current density, PPy/r-GO1DS1 outperformed PPy/r-GO1DS2 with a higher cell
voltage. This was due to higher amount of r-GO in the polymer providing sufficient
electronic conductivity for the electrode. Based on the results in EIS, it can be
concluded that the electrical conductivity of PPy is the major factor that determines
the battery performance at high current density. In addition, this simple
electrochemical synthesis process could be applied to the fabrication of high
performance composites by using electrocatalyst for oxygen reduction reaction as
dopant, e.g., anthraquinone sulfonate instead of DS.
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5 ELECTROCHEMICALLY SYNTHESIZED PEDOT COMPOSITES FOR
BIO-BATTERIES

5.1

Introduction

Poly(3, 4-ethylenedioxythiophene) (PEDOT) is considered as one of the most stable
polythiophene derivatives. It is characterized by a high electrical conductivity in the
p-doped state, good thermal and chemical stability and fast electrochemical
switching. It is also believed that PEDOT can be easily electropolymerized to have
higher conductivity and better stability than polypyrrole (PPy).[1-5] Its good
conductivity and stability are ascribed to its inherent chemical structure with
molecular orbital overlap.[6] Due to its inherent high conductivity, PEDOT is
expected to have better performance than that of PPy in bio-batteries.

Winther-Jensen and co-workers firstly demonstrated that PEDOT synthesized using
vapour phase deposition could be used as a catalyst for oxygen reduction.[7] The asprepared PEDOT showed comparable oxygen reduction rate with that of Pt-catalyzed
electrodes. Not surprisingly, it exhibited superior electrochemical performance to
that of a Pt cathode in a Zn/air battery.[7] A stable magnesium battery has been
developed based on a magnesium anode, a PEDOT cathode and a near-saturated
aqueous solution of LiCl, MgCl2 at pH of 11. The battery exhibited a stable long
term voltage of up to 1.5 V, indicating the potential application of PEDOT in biobattery systems.[8] However, it was found that the total charge capacity of PEDOT is
only sufficient for 9 hours at a discharge rate of 40 mA cm-2, far below its theoretical
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capacity in bio-batteries. The phenomenon could be explained by the fact that the
resistance of the cell increased dramatically as PEDOT was reduced during the
discharge process, thereby rendering the cell essentially inactive.[8] Therefore, the
introduction of conductive carbon material into PEDOT composites is of great
importance to overcome this problem.

In this work, we synthesised co-doped PEDOT/dextran sulphate (DS)/reduced
graphene oxide (r-GO) composite via a facile electrochemical route. Specifically, DS
is an anti-coagulant and there is no doubt the introduction of DS into the PEDOT
composite film can improve its biocompatibility for use in bioelectric batteries.[9-12]
Graphene oxide (GO), a precursor of r-GO, could be easily incorporated into
conducting polymers and reduced to form conducting polymer/r-GO composites by a
fully electrochemical route.[13-17] r-GO in the PEDOT matrix possesses superior
electronic conductivity and provides the electronic channels to enhance the
conductivity of PEDOT in its reduced state. Similar to what was found for PPy, the
co-doped PEDOT showed increased doping level compared to that of PEDOT doped
with DS or r-GO alone, leading to an improved electrochemical property. Thus the
employment of a co-dopant system further improves the performance of PEDOT in
bio-batteries, originating from a synergistic effect of enhanced doping level and
conductivity. In addition, PMAS has been reported to improve the neural/electrode
interface as dopant for PPy,[18] thus it was also used for PEDOT as dopant here.
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5.2

Experimental

PEDOT/biomolecule composites were galvanostatically electrodeposited on a
stainless steel mesh from an aqueous solution containing 0.01 M EDOT monomer
and 1 mg ml-1 biomolecules; hyaluronic acid (HA), chondroitin sulphate A, sodium
salt (CS), and dextran sulfate (DS), respectively. Poly (2-methoxyaniline-5-sulfonic
acid) was also used as dopant with a concentration of 1 mg ml-1. The applied current
density was 0.5 mA cm-2 and the amount of charge consumed was 1.2 C cm-2 for all
PEDOT samples.

PEDOT/GO/DS composites were synthesized following the same procedure as for
PEDOT/biomolecule. The effects of GO and DS concentrations on the electropolymerization of EDOT were investigated by varying the concentration of DS, from
0, 0.25, 0.5, 1.0, or 2.0 mg ml-1 with a constant concentration of GO (1.0 mg ml-1).
The PEDOT/r-GO/DS films were obtained by electrochemically reducing
PEDOT/GO/DS film in PBS (pH=7.4) solution at a constant potential of -1.1 V (vs
Ag/AgCl) for 40 minutes.
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5.3
5.3.1

Results and Discussion
PEDOT/Biomolecules and PEDOT/PMAS

PEDOT/Biomolecules

and

PEDOT/PMAS

were

synthesized

and

their

electrochemical performance was investigated in this part. Using conditions
described in the Experimental section, it was found that PEDOT formed a uniform,
adherent film on the working electrode with three biomolecules and polyelectrolyte
as dopant.

5.3.1.1 Morphological Analysis

Figure 5.1 shows SEM images of PEDOT composites. It is interesting to note that
the morphologies of PEDOT changed as the dopant varied: a porous structure was
found with large pores of ca. 200 nm for PEDOT/HA, whereas a nodular
morphology was observed for PEDOT/CS and PEDOT/DS with different nodule size.
In addition, a smooth morphology was obtained for PEDOT/PMAS, due to the
supramolecular pre-ordering template effect of PMAS. Thus it is concluded that the
surface morphology could be tailored by varying the dopant, which is in accordance
with previous studies.[19, 20]
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Figure 5.1: SEM images for (A) PEDOT/HA, (B) PEDOT/CS, (C) PEDOT/PMAS,
(D) PEDOT/DS films

5.3.1.2

Cyclic Voltammetry

The cyclic voltammograms (CVs) for PEDOT/biomolecules are shown in Figure 5.2.
It is clearly seen that the electrochemistry of the polymer is heavily influenced by the
dopant. The PEDOT/HA composite exhibited clearly defined oxidation peaks at 0.42 V, however the reduction peak was not as clearly defined (-0.53 V). PEDOT/CS
and PEDOT/PMAS showed well-defined reduction peak at -0.58 and -0.50 V,
respectively, but oxidation peaks were not observed. Interestingly, the PEDOT/DS
exhibited the most well-defined oxidation (-0.20 V) and reduction (-0.43 V) peaks.
The differences are due to the nature of dopant, as discussed in Chapter 1.
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Furthermore, the magnitude of the current for PEDOT/HA and PEDOT/CS are ca.
one order lower than that of PEDOT/PMAS and PEDOT/DS. Particularly, the
PEDOT/DS displayed the largest area in CVs, demonstrating its best electro-activity
among three bio-molecules and PMAS. As a result, DS was selected and
subsequently coupled with GO as co-dopants for PEDOT.
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Figure 5.2: Cyclic voltammograms of (a) PEDOT/HA, (b) PEDOT/CS, (c)
PEDOT/PMAS and (d) PEDOT/DS at 25 mV s-1 in PBS (pH=7.4) solution.
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5.3.2

PEDOT/r-GO Composite

PEDOT/r-GO composite was synthesized by direct electrochemical reduction of
PEDOT/GO composite in PBS (pH=7.4) solution at a constant potential of -1.1 V (vs
Ag/AgCl) for 40 minutes. The film was uniform and adherent on stainless steel mesh,
similar to previously published work.[13, 21]

5.3.2.1 Morphological Analysis

Figure 5.3 illustrates the morphology of PEDOT/r-GO composite. It can be observed
that a wrinkled or crumpled morphology was displayed by PEDOT/r-GO, which was
very similar to that of PPy/r-GO. It means that the introduction of GO as dopant
could provide a template effect during the polymerization of PEDOT.
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A
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1µm
Figure 5.3: SEM images for PEDOT/r-GO composite at 5,000 and 10,000 times
magnification.

5.3.2.2

Cyclic Voltammetry

The CVs of PEDOT/GO (Figure 5.4 (A)) presented a pronounced cathodic peak at 0.86 V vs. Ag/AgCl at the first cycle. However the peak diminished gradually at
subsequent cycles and disappeared eventually at the 7th cycle. The peak could be
associated with the reduction of GO component in the PEDOT, which is consistent
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with the results obtained for PPy/GO (Chapter 3). Another cathodic peak at -0.34
was related to the redox couple of PEDOT. Figure 5.4 (B) shows CVs at various scan
rates from 25 to 200 mV s-1, obtained for the PEDOT/r-GO composite. The CV
curve of PEDOT/r-GO still maintained its shape at 200 mV s-1 with a well-defined
reduction peak at -0.38 V, indicating its fast oxidation/reduction kinetics.
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Figure 5.4: Cyclic voltammograms of (A) PEDOT/GO film at 25 mV s-1, (B)
PEDOT/r-GO film at different scan rates in PBS (pH=7.4).

126

5.3.3

PEDOT/r-GO/DS Composites

To investigate the effect of a co-dopants system on the physical/chemical properties
of PEDOT, the PEDOT/GO/DS composites were synthesized in the supporting
electrolyte containing GO and DS, and then the composites were subjected to
electrochemical reduction to produce PEDOT/r-GO/DS composites. To illustrate
PPy/r-GO/DS composites better, the PEDOT composites obtained from electrolyte
containing different ratios of GO and DS are assigned as PEDOT/ratio. Here we take
PEDOT/r-GO2DS1 as an example, indicating that the polymer was electrosynthesized from the supporting electrolyte with a mass ratio of 2:1 of GO:DS,
followed by an electro-reduction process.

5.3.3.1 Physicochemical Characterization
5.3.3.1.1

Morphological Analysis

The effect of the co-dopants system on the surface morphology is presented in Figure
5.5. It is worth noting that the typical wrinkled morphology for PEDOT/r-GO
gradually diminished as the concentration of DS increased. This might be explained
by the template effect of GO nanosheets being weakened by the DS content increase.
There should be a ‘competitive relationship’ between r-GO and DS when they are
co-doped in the polymer matrix. PPy/DS displays a nodular structure, typical
morphology of PEDOT. Such gradual morphological change dependence on their
ratio change clearly demonstrates r-GO and DS were co-incorporated into the
PEDOT matrix.
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Figure 5.5: Surface morphologies of (A) PEDOT/r-GO, (B) PEDOT/r-GO4DS1, (C)
PEDOT/r-GO2DS1, (D) PEDOT/r-GO1DS1, (E) PEDOT/r-GO1DS2 and (F)
PEDOT/DS films.

The cross-sectional FESEM images of PEDOT composites are depicted in Figure 5.6.
Interestingly, the PEDOT/r-GO displayed a layered structure, which is due to the
template effect of GO during the electro-polymerization. It can also be noticed that
PEDOT/r-GO exhibited a more compact rather than porous structures obtained for
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PPy/r-GO, similar to previous reports by other groups.[13, 22] This might be due to
the fact that the GO template effect became more pronounced when a much lower
concentration of EDOT (0.01 M) was used during polymerization. Furthermore, as
the concentration of DS increased, the layered structure gradually changed to a bulky
structure.
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Figure 5.6: Cross-sectional views of (A) PEDOT/r-GO, (B) PEDOT/r-GO4DS1, (C)
PEDOT/r-GO2DS1, (D) PEDOT/r-GO1DS1, (E) PEDOT/r-GO1DS2 and (F)
PEDOT/DS films.
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5.3.3.1.2

Raman Spectra

The Raman spectra of PEDOT composites are presented in Figure 5.7. The PEDOT
composites exhibited a main peak at ca 1430 cm-1, which corresponds to the Cα-Cβ
symmetrical stretching vibration.[23-26] A small shoulder centred at ca. 1594 nm
(denoted as *) appeared in the spectrum of PEDOT/r-GO compared with that of
PEDOT/DS. It can be assigned to the G band of r-GO, indicating the successful
incorporation of r-GO in the PEDOT matrix.[27] A similar shoulder was observed
for PEDOT/r-GO4DS1, however, this shoulder became negligible for the other
PEDOT composites, as the amount of r-GO decreased with the increasing content of
DS in the polymer.

Figure 5.7 (B) focuses on the peaks at ca 1430 cm-1, as it results from the
combination of two separate bands, ca. 1414 and 1445 cm-1, which correspond to two
different structures in the PEDOT chains, that is, the neutral and oxidized structures,
respectively.[24, 25] This peak can be used to elucidate the doping level of the
polymer. Interestingly, the order of wave number of the corresponding peak appeared
to be PEDOT/r-GO1DS1 > PEDOT/r-GO2DS1 > PEDOT/r-GO4DS1 > PEDOT/rGO1DS2 > PEDOT/r-GO > PEDOT/DS. The remarkable red-shifts of PEDOT/rGO/DS were due to its higher ratio of oxidized/neutral structures in the polymer
chains, suggesting that the co-dopants system could increase the doping level of
PEDOT.
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Figure 5.7: Raman spectra of (a) PEDOT/r-GO, (b) PEDOT/r-GO4DS1, (c)
PEDOT/r-GO2DS1,

(d)

PEDOT/r-GO1DS1,

PEDOT/DS films.
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(e)

PEDOT/r-GO1DS2

and

(f)

5.3.3.2 Electrochemical Characterization
5.3.3.2.1

Cyclic Voltammetry

Figure 5.8 presents the CVs of PEDOT composites at various scan rates. Note that
as-synthesized PEDOT/r-GO/DS composites all exhibited excellent electrochemical
behaviour even at the high scan rate of 200 mV s-1, compared to the distorted curve
obtained for PEDOT/DS. It means the introduction of r-GO into PEDOT could
improve the conductivity of the composite, benefiting its electrochemical
performance. Particularly, the PEDOT/r-GO1DS1 showed the most well-defined
oxidation (0.20 V) and reduction (-0.42 V) peaks. It also exhibited higher current
response, indicating that larger capacitance can be obtained for the PEDOT/rGO1DS1. The better capacitive behaviour of PEDOT/r-GO1DS1 is attributed to the
increased conjugation length of PEDOT, as suggested by the Raman spectra. The
order of specific capacitance of PEDOT composites is PEDOT/r-GO1DS1 >
PEDOT/r-GO2DS1 > PEDOT/r-GO4DS1 > PEDOT/r-GO1DS2 > PEDOT/r-GO >
PEDOT/DS, which is in accordance with the trend in doping levels, as suggested by
results of the Raman spectra.
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Figure 5.8: CV curves of (A) PEDOT/r-GO, (B) PEDOT/r-GO4DS1, (C) PEDOT/rGO2DS1, (D) PEDOT/r-GO1DS1, (E) PEDOT/r-GO1DS2 and (F) PEDOT/DS films in
PBS solution (pH=7.4).

The comparison of CVs between PEDOT/r-GO1DS1 and PPy is shown in Figure 5.9.
The PPy presented herein is the sample PPy/r-GO1DS2, which demonstrated the best
electrochemical performance in Chapter 4. Although the magnitude of the current of
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PPy is much larger than that of PEDOT, the CV shape of PPy (Figure 5.9 (A)) was
significantly distorted at the scan rate of 200 mV s-1, indicating a resistor-like
electrochemical behaviour. This might be explained by the transfer of electrons being
too slow compared to entering into/ejecting and diffusion of counter ions in the PPy
matrix at high scan rates. In contrast, the CV shape of PEDOT/r-GO1DS1 was well
maintained under the same conditions. The results demonstrated that although
PEDOT displayed a lower specific capacitance than that of PPy due to its larger
molecular weight, it possessed a better charge propagation behaviour and rapid
response, which is ascribed to the intrinsically higher conductivity of PEDOT than
that of PPy.[28]
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Figure 5.9: CV curves of (A) PPy and (B) PEDOT/r-GO1DS1 films at different scan
rates in PBS solution (pH=7.4).
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5.3.3.2.2

Electrochemical Impedance Spectra

AC impedance spectroscopy was carried out to investigate the diffusive-capacitive
feature of PEDOT in the reduced state. Similar to PPy, all the impedance plots
featured a vertical trend at low frequencies, indicating capacitive behaviour of
PEDOT at open circuit potential. However, Nyquist plots for the PEDOT at -0.8 V vs.
Ag/AgCl showed clear semicircles, indicating the increase of charge transfer
resistance (Rct) of PEDOT. To evaluate the change in trend of Rct for PEDOT
composites quantitatively, a simple equivalent circuit model was employed as shown
in Figure 5.10 (3), and the corresponding values of Rct are summarized in Table 5.1.

At open circuit potential, the PEDOT/r-GO1DS1 revealed the smallest value of Rct
among six PEDOT composites, indicating its better electrochemical performance,
which is in good agreement with its superior redox property in CVs. In the case of 0.8 V vs. Ag/AgCl, remarkable increases in Rct were observed for PEDOT
composites, which could be assigned to the increase in film resistivity as PEDOT
was substantially reduced. It is notable that the increments of PEDOT/r-GO,
PEDOT/r-GO4DS1 and PEDOT/r-GO2DS1 in Rct were much smaller than that of
PEDOT/r-GO1DS1, PEDOT/r-GO1DS2 and PEDOT/DS. Considering the higher
amount of r-GO in PEDOT/r-GO, PEDOT/r-GO4DS1 and PEDOT/r-GO2DS1, it
suggests that the presence of r-GO plays an important role in maintaining the
conductivity of PEDOT in its reduced state.
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Figure 5.10: Electrochemical impedance spectra of (a) PEDOT/r-GO, (b) PEDOT/rGO4DS1, (c) PEDOT/r-GO2DS1, (d) PEDOT/r-GO1DS1, (e) PEDOT/r-GO1DS2 and
(f) PEDOT/DS obtained at (1) open circuit potential, (2) -0.8 V vs. Ag/AgCl
reference in PBS (pH=7.4) solution; (3) The equivalent circuit used for the
simulation of EIS.
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Table 5.1: Electrode resistance obtained from the Nyquist analysis using the
equivalent circuit for PEDOT films.

PEDOT/

PEDOT/

PEDOT/

PEDOT/

r-

r-

r-

r-

GO4DS1

GO2DS1

GO1DS1

GO1DS2

9.4

8.8

5.8

3.3

11.2

16.5

48.6

42.9

45.1

80.1

116.5

284.2

PEDOT/

PEDOT/

r-GO
Rct (Ω cm-2)
OCP

DS

-0.8 V vs.
Ag/AgCl
Note: OCP, open circuit potential.

5.3.3.3 Battery Performance

The discharge profiles of the bio-batteries composed of PEDOT composites and Mg
alloy anode in PBS (pH=7.4) solution at different current densities are shown in
Figure 5.11. The PEDOT composites all exhibited stable discharge plateaus and the
corresponding discharge potentials were shown in Figure 5.12. It is worth noting that
the PEDOT/r-GO1DS1 exhibited a discharge potential of 1.36 V, which is the highest
among samples at 5 µA cm-2. The higher voltage obtained for PEDOT/r-GO1DS1
could be attributed to its better redox property, as evidenced by CVs and EIS. When
the current density was increased to 200 µA cm-2, PEDOT/r-GO2DS1 displayed the
highest voltage. It is also noticed that the voltage drops at higher current density
became smaller as the ratio of r-GO increased in the composite: the voltage drop of
PEDOT/DS, PEDOT/r-GO1DS2, PEDOT/r-GO1DS1, PEDOT/r-GO2DS1, PEDOT/r137

GO4DS1 and PEDOT/r-GO, was 650, 330, 310, 180, over 170, to 170 mV,
respectively, when the current density increased from 50 to 200 µA cm-2. PEDOT
with high amount of r-GO (such as PEDOT/r-GO2DS1, PEDOT/r-GO4DS1 and
PEDOT/r-GO) displayed a reduced voltage drop. It means the electrical conductivity
of r-GO components became the more significant factor affecting the bio-batteries
performance at high current rate. Additionally, PEDOT/r-GO2DS1 delivered the
highest voltage of 1.02 V at 200 µA cm-2, which outperformed that 0.84 V for PPy/rGO1DS1 (Chapter 4). This could be ascribed to the intrinsically higher conductivity
of PEDOT, as suggested in Figure 5.9.
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Figure 5.11: Discharge curves of the bio-batteries composed of (A) PEDOT/r-GO, (B)
PEDOT/r-GO4DS1, (C) PEDOT/r-GO2DS1, (D) PEDOT/r-GO1DS1, (E) PEDOT/rGO1DS2 and (F) PEDOT/DS cathode and Mg alloy anode in PBS (pH=7.4) solution
at different current densities in PBS (pH=7.4) solution.
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Figure 5.12:The dependence of the discharge current densities on the discharge
plateau potential (V) for the PEDOT composites in bio-batteries.

5.4

Conclusion

In this Chapter, PEDOT/r-GO/DS composites were electropolymerized via a codopants system, followed by an electro-reduction process. The doping level of
PEDOT was tuned by adjusting the feed ratio of r-GO and DS. The PEDOT/rGO/DS composites with increased doping levels showed improved electrochemical
properties including faster oxidation/reduction kinetics and higher discharge voltage,
compared with pure PEDOT/r-GO. In addition, PEDOT showed better cell
performance than that of PPy at high current rate, resulting from its intrinsically
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higher conductivity. Considering the simple method and wide choice of the codopants besides r-GO, the concept introduced in this work can be extended to
introduce dopants with oxygen reduction reaction activity to further improve biobatteries performance.
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6 APPLICATION OF THREE-DIMENSIONAL, FREESTANDING
GRAPHENE FOAM IN BIO-BATTERIES

6.1

Introduction

Graphene, a monolayer of sp2 bonded carbon atoms, has aroused great interest in
those involved in energy storage due to its high conductivity, large specific surface
area, excellent mechanical properties, and rich chemistry. It has been reported that
graphene also exhibits electrocatalytic activity for oxygen reduction reaction
(ORR),[1, 2] which occurs in many electrochemical energy conversion processes on
the electrode surface including fuel cell systems, metal/air batteries, biosensors, and
corrosion effects.[3-6]

The ORR activity of graphene can be attributed to the surface of the chemically
reduced graphene sheet that contains many edge and defect sites, such as carbon
vacancies and five or seven-membered rings. These edge and defect sites can
effectively serve as active sites for the reduction of oxygen. Zhou et al. employed
graphene nanosheets (GNS) as a metal free catalyst in Li/air battery, which showed a
high discharge voltage that was near that of the 20 wt % Pt/carbon black at 0.5 mA
cm-2.[4]

Recently, many studies suggest that graphene has been a promising cathode material
in microbial fuel cells due to its catalytic activity for the reduction of oxygen in
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neutral media.[4, 7] Particularly, graphene has recently attracted attention for its
potential use as cell culture substrates due to its good biocompatibility.[8-10] Its
chemical stability ensures its biocompatibility in the human body. Thus with these
features, graphene could be a good candidate as cathode material in bio-batteries.

More recently, graphene paper (GP) has attracted a lot of attention, revealing a
feasible path toward potential applications in the field of energy storage.[11-15] The
high electrical conductivity and the excellent mechanical property of graphene
papers could eliminate the requirement of traditional inactive additives and metal foil
current collectors, which in turn permits flexibility in novel geometric designs. GP
has also been utilized as substrate for conducting polymers.[16, 17] Wang et al.
synthesized graphene/polyaniline (PANI) paper by in situ anodic electrochemical
polymerization, which exhibited favourable flexibility and electrochemical
activity.[17]

However, most of the GP could not fully take advantage of the superior properties
offered by graphene. Normally GP paper is formed in a compacted structure
consisting of a graphene nanosheets assembly due to their strong π-π interaction.
Only the material on the GP surface can be easily accessed by the electrolyte and
utilized. Thus there is an urgent need to improve the utilization efficiency of
graphene. To this end, an appropriate design of three-dimensional (3D) architecture
of electrodes is a promising approach to improve the utilization of graphene
properties. A 3D structured electrode facilitates the electrolyte and ion transport and
oxygen diffusion, which play significant roles in the catalytic properties of metal/air
batteries.[18-22]
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Recently, a novel 3D structure of graphene foam (GF) with Ni foam (NF) template
has been reported.[23-26] Chemical vapour deposition (CVD) technique is used to
deposit graphene onto the surface of Ni foam, and the freestanding GF was obtained
after the removal of the nickel template, which consists of an interconnected flexible
network of graphene with high electrical conductivity. It is proposed that GF could
be utilized in place of traditional metal substrates for conducting polymers.[27]

In this work, we propose a strategy to enhance the utilization of graphene by
constructing 3D freestanding GF via a facile and effective method, wherein the
reduced graphene oxide is obtained by entrapping GO into the macropores of plasma
treated Ni foam, followed by chemical reduction using L-Ascorbic acid, without
need of a complicated CVD system. As-prepared GF still maintains its integrity in
structure without collapsing after the removal of the Ni foam. The GF exhibited
higher discharge voltages than those of GP in bio-batteries. In addition, the
freestanding, conductive and porous GF could serve as a biocompatible metal-free
substrate for the electropolymerization of polypyrrole (PPy), and the PPy coated GF
showed improved battery performance.
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6.2
6.2.1

Experimental
Fabrication of Graphene Foam

The Ni foam was cleaned successively in 1 M hydrochloric acid, acetone, and
deionized water. Then the plasma-treated Ni foam with 1.0 mm thickness was
immersed in a 6 mg ml-1 GO solution. The system was shaken on a vortex mixer for
1 min and then sonicated for 10 min to ensure the successful loading of GO
suspension into the micropores of the Ni foam. Subsequently, the Ni foam containing
GO suspension was transferred to a solution containing 10.0 mg mL-1 L-Ascorbic
acid. The reaction system was allowed to remain undisturbed overnight and then
heated at 60 °C for 2 h. After they had cooled to room temperature, the Ni foams
were repeatedly rinsed with deionized water for use. The removal of Ni foam was
performed by immersing the Ni foam in hydrochloric acid (3%) at 80 °C for 4 h then
keeping it at room temperature for 48 h. Finally, the obtained graphene foam (GF)
was rinsed with deionized water to remove residual acid and metal ions.

6.2.2

Fabrication of Graphene Paper

Graphene paper was fabricated by vacuum filtration of graphene dispersions. In a
typical procedure, GO was diluted to 0.25 mg mL-1. With the pH of the dispersion
adjusted to 10 using ammonia and the solution surface covered with a thin layer of
mineral oil, the dispersion was then subjected to reduction by hydrazine at ca. 95 ℃
for 1 h. Graphene paper was prepared by filtration of the resulting colloid through an
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Anodisc membrane filter (47mm in diameter, 0.2mm pore size, Whatman), followed
by air drying and peeling from the filter.

6.2.3

Fabrication of PPy-coated Graphene Foam

Polypyrrole (PPy)/p-toluenesulfonate (pTS) was galvanostatically electrodeposited
on graphene foam from an acetonitrile solution containing 0.1 M pyrrole monomer
and 0.1 M p-toluenesulfonic acid, respectively. The applied current density was 0.5
mA cm-2 and the amount of charge consumed was 1.2 C cm-2.

6.3
6.3.1

Results and Discussion
Graphene Foam

Different concentrations of GO, 1, 2, 4 and 6 mg ml-1, were used to fabricate the
graphene foam (GF). The as-prepared GF tended to collapse when the GO
concentration was lower than 6 mg ml-1. At lower GO concentration, the graphene
nanosheets could not form strong GO nanosheets assembly to support the freestanding structure. The free-standing GF was fabricated with 6 mg ml-1 GO in this
work.

The open circuit potential (OCP) of Ni foam was measured in 6 mg ml-1 GO solution
to confirm the deposition of GO in the foam. After 120 seconds, the OCP of Ni foam
dropped sharply with a decrement of 30.4 mV in GO solution. The considerable
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absorption of negatively charged GO sheets into the macropores of Ni foam might
contribute to this significant OCP decrease. The result also demonstrated the good
affinity of GO onto Ni foam. Ni foam is an ideal scaffold to fabricate GF.

Figure 6.1: Open circuit potential of Ni foam in 6 mg ml-1 GO solution in a threeelectrode system.

6.3.1.1 Physicochemical Characterization
6.3.1.1.1

Morphological Analysis

Figure 6.2 illustrates the macrostructure of a freestanding GF. GF appeared like a
sponge (Figure 6.2 A), and it adopted the three-dimensional porous structure of Ni
foam template (Figure 6.2 B). It means that reduced graphene oxide (r-GO)
nanosheets formed an interconnected structure, and it could provide sufficient
mechanical support for its 3D structure without a nickel skeleton. At higher
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magnification, r-GO displayed a typical, wrinkle morphology (Figure 6.2 C,
magnified view of red circle in Figure 6.2 B).

A

B

100 µm

C

10 µm

Figure 6.2: (A) Photograph, (B, C) SEM images of graphene foam.

The GF was immersed in hydrochloric acid (3%) at 80 °C for 4 h and it exhibited an
obvious Ni signal at ca. 8.5 keV in the EDS spectra, demonstrating that such
treatment could not remove all the Ni residue in GF. Thus, an extended acid
treatment is required to completely remove the Ni within the GF. An additional
resting in hydrochloric acid (3%) at room temperature for 48 h was performed for GF.
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After this treatment, it showed no Ni signal, indicating the extended acid treatment
can effectively remove the Ni.

C

A

O

Ni

B

Figure 6.3: EDS spectra of GF without (A) and with (B) additional acid treatment.

6.3.1.1.2

Raman Spectroscopy

The Raman spectra of GO and GF exhibited two pronounced bands around 1340 and
1580 cm-1 (Figure 6.4), and they are assigned to the D and G bands of carbon,
respectively.[28] The D band corresponds to the first-order scattering of the E2g
mode and the G band is attributed to the in-plane A1g zone-edge mode. The intensity
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ratio of the D and G band (ID/IG) provides an estimate of the amounts of defects in
the carbon material under investigation. The ID/IG value of graphene oxide was
calculated to be 1.07, while that of GF was higher, 1.25. It is reported that the
oxidized areas of GO sheets could be partly restored upon reduction with L-Ascorbic
acid.[29-31] This phenomenon may be attributed to an increase in the number of
defects, which have been reported for graphene obtained by chemical reduction of

Intensity (a.u.)

graphene oxide.[28, 32]

(b)
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Figure 6.4: Raman spectra of (a) GO and (b) GF.
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6.3.1.2 Electrochemical Characterization
6.3.1.2.1

Cyclic Voltammetry

Figure 6.5 presents the cyclic voltammograms of the well-known redox mediator
potassium ferricycanide using GF and graphene paper (GP) as working electrode. At
a low scan rate of 5 mV s-1, the well-defined oxidation/reduction waves were
observed for both the GF and GP. It can be seen clearly that GF displayed a much
better current response even at 200 mV s-1. In comparison, the curve was distorted at
25 mV s-1 for GP. Furthermore, GF exhibited a smaller peak separation (144 mV)
than that 427 mV obtained for GP at 25 mV s-1. It indicates that the macro-porous 3D
structure of GF provides high surface area and facilitates the easy accessibility of
electrolyte and ions, which leads to the better electrochemical properties.[22, 33]
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Figure 6.5: Cyclic voltammograms of (A) graphene foam and (B) graphene paper in
10 mM K3Fe(CN)6 + 100 mM KCl solution at different scan rates.

6.3.1.2.2

Electrochemical Impedance Spectra

The EIS in Figure 6.6 were carried out to compare the electrochemical properties of
GP and GF and a simple equivalent circuit model is shown in Figure 6.6 (A) to
analyse the impedance spectra of the composites. In the circuit, Rs is the bulk
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resistance of the electrolyte; Rct is the charge transfer resistance. The constant phase
elements

CPE1,

is

associated

with

double-layer

capacities

across

the

electrode/electrolyte solution interfaces; Wo corresponds to the Warburg impedance
resulting from the semi-infinite diffusion of ions in the electrode at low frequency. A
good agreement between experimental results and the parameters obtained from the
equivalent circuit can be seen from the EIS spectra. The values of the parameters
from the impedance data are summarized in Table 6.1. It is clear to see that the
difference of Rs between these two electrodes is not obvious. However, GF exhibited
a much smaller value of Rct than that of GP, stemming from its faster electron
transfer rate due to easier access of ions within the material.

Table 6.1: The simulated impedance parameters of GP and GF.

Rs (Ω cm-2)

Rct (Ω cm-2)

GP

25.3

357.2

GF

26.1

47.4
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Figure 6.6: (A) The equivalent circuit used for the simulation of electrochemical
impedance spectra (EIS), EIS of (B) GP and (C) GF in PBS (pH=7.4) solution at
open circuit potential.

156

6.3.1.3 Battery Performance

The battery performance of GP and GF coupled with Mg alloy anode in PBS
(pH=7.4) solution are presented in Figure 6.7, and the corresponding discharge
potentials are listed in Table 6.2. It is notable that a significant increase (ca. 150 mV)
in plateau potential can be observed for GF, compared to that of GP under different
current densities, respectively. Given that the density of GP and GF were 2.8 and 0.9
mg cm-2, it could be concluded that a much higher utilization efficiency of material
was obtained for GF. The 3D structure of GF provided a large surface area,
facilitating the easier access of ions and oxygen. They all contributed to the
improved battery performance.

Table 6.2: The dependence of the discharge current densities on the discharge
potential (V) for GP and GF in bio-batteries.

Current density
(µA cm-2)
5

10 2

25

50

100

200

GP

1.33

1.25

1.16

1.08

0.96

0.86

GF

1.47

1.40

1.32

1.24

1.13

1.00

Potential (V)
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Figure 6.7: Discharge curves of (A) GP and (B) GF coupled with Mg alloy anode in
PBS (pH=7.4) solution.

Figure 6.8 shows the I-V and I-P characteristics for a bio-battery using GF as cathode.
In the I-V plot, the cell voltage decreased gradually as the applied current increased.
Moreover, a quasi-linear relationship was found over the range from 100 to 1000 µA
cm-2, indicating that the polarization on the electrode was primarily dominated by
ohmic contributions. In the I-P plot, the power density gradually increased with
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increasing current density, and reached a maximum point which was determined to
be 4717.5 mW m-2. This power density should be sufficient to drive some
implantable devices requiring low power densities such as a pacemaker or
biomonitoring system.[33]

Figure 6.8: Plots of I-V and I-P of GF in bio-batteries with Mg alloy anode in PBS
(pH=7.4) solution.

The stability of GF as cathode in a PBS (pH=7.4) solution in the bio-battery at a
current density of 100 µA cm-2 was investigated. It can be seen from Figure 6.9 that
the discharge potential still maintained at 1.02 V after a 1000-hour discharge process,
indicating its excellent stability as cathode for the bio-battery.

159

1.8
1.6

Potential (V)

1.4
1.2
1.0
0.8
0.6
0.4

0

200

400

600

800

1000

Time (Hours)
Figure 6.9: Stability of GF electrode in a biobattery coupled with Mg alloy anode in
PBS (pH=7.4) solution.

6.3.2

PPy-coated Graphene Foam

In the previous chapters, a stainless steel mesh was utilized as substrate for PPy and
PEDOT. However, the avoidance of metal in bio-batteries that might cause some
allergy to the human body is necessary,[34] as the ultimate goal of bio-batteries is to
be used directly in the human body. Furthermore, conducting polymer exhibits
catalytic activity towards ORR as discussed in the previous chapters. Thus the
incorporation of conducting polymer into GF is expected to not only increase the
number of active catalytic sites, but improve the strength of GF, due to the catalytic
and mechanical properties of conducting polymer. Herein the free-standing and
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conductive GF as an alternative biocompatible substrate for conducting polymers
was investigated.

6.3.2.1 Fabrication of PPy-coated Graphene Foam

The chronopotentiograms of PPy/pTS growth (Figure 6.10) on stainless steel mesh
and GF all exhibited an initial spike due to charging of the double layer and
oxidation of monomer, followed by a slow potential decrease as polymer growth
proceeded. A steady potential of ca. 0.58 and 0.55 V was shown on with stainless
steel mesh and GF as substrate, respectively. It means that GF could facilitate the
growth of polymer more easily, which can be due to its larger surface area as a result
of its 3D structure. This result demonstrates that GF is a good substrate candidate for
electro-polymerization of PPy.

Voltage (V vs. Ag/AgCl)
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0.9
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Figure 6.10: Chronopotentiograms for PPy/pTS growth on (a) stainless steel mesh
and (b) GF at a current density of 0.5 mA cm-2.
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6.3.2.2 Physicochemical Characterization
6.3.2.2.1

Morphological Analysis

As revealed in the SEM images (Figure 6.11 (A) and (B)), the GF changed its
morphology after the PPy coating. At higher magnification, it exhibited a granular or
nodular structure, typical morphology observed for PPy/pTS.[35, 36] It was different
from the winkled morphology of GF (Figure 6.11 (C)). It clearly demonstrates that
PPy was successfully deposited on GF.

A

B

10 µm

10 µm

D

C

1 µm

1 µm

Figure 6.11: SEM images of (A,C) GF, (B,D) PPy-coated GF.
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6.3.2.2.2

FTIR Spectroscopy

To further characterize PPy-coated GF, FTIR spectroscopy was performed and
shown in Figure 6.12. The pristine GF showed a broad band at ca. 1620 cm-1,
corresponding to the C=C band that is associated with the sp2 character of
graphene.[37] The characteristic absorption bands of PPy were observed in the FTIR
spectra of PPy coated GF. The bands at 1535 and 1450 cm-1 correspond to the C-C
and C-N stretching vibrations in the pyrrole ring, respectively. In addition, the broad
band between 1400 and 1250 cm-1 is attributed to C–H or C–N in–plane deformation
modes and had a maximum at 1280 cm-1 for PPy/pTS on GF. The peaks relating to
the breathing vibration of the pyrrole ring and C-H and N-H in plane ring
deformation vibration was situated at 1145 and 1026 cm−1, respectively.[38-42] It

Transmittance (%)

means PPy/pTS was electro-deposited on the GF successfully.

(a)

(b)
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Figure 6.12: FTIR spectra of (a) GF and (b) PPy-coated GF.
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6.3.2.3 Electrochemical Characterization
6.3.2.3.1

Cyclic Voltammetry

The electrochemical performance of the GF and PPy-coated GF were investigated
over the potential range from -1 to 0.5 V vs. Ag/AgCl in PBS (pH=7.4) solution at
50 mV s-1 in Figure 6.13. The PPy-coated GF exhibited a significantly higher current
response than that of GF, which is attributed to the enhancement of electrochemical
property by the coating of PPy. Moreover, a typical redox couple of PPy (-0.5/0.16 V)
was observed in the CV curve, indicating the presence of PPy.

0.04

(b)

Current (mA cm-1)

0.03
0.02
0.01

(a)
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Potential (V vs. Ag/AgCl)
Figure 6.13: Cyclic voltammograms of (a) GF and (b) PPy-coated GF in PBS
(pH=7.4) at 50 mV s-1.
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6.3.2.4 Battery Performance

The battery performance of the PPy-coated GF coupled with Mg alloy anode in PBS
(pH=7.4) solution is shown in Figure 6.14. The PPy-coated GF outperformed GF at
the current density of 5, 10, 25, 50, 100, 200 µA cm-2 with higher discharge potential
(seen from Table 6.3). The improvement in cell voltage for PPy-coated GF could be
due to the increase in active catalytic sites by the introduction of PPy. PPy is an
efficient electro-catalyst in bio-battery, as suggested in previous chapters. Meanwhile
the 3D porous structure of GF could also enhance the ORR kinetics of PPy owing to
the easier access of ions and oxygen within the material, and provide conductive path
for reduced PPy. As a result, the synergistic effect between GF and PPy contributed
to the greatly improved battery performance offered by PPy-coated GF.
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Figure 6.14: Discharge curves of PPy-coated GF composite coupled with Mg alloy
anode in PBS (pH=7.4) solution.
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Table 6.3: The dependence of the discharge current densities on the discharge
potential (V) for GF and PPy-coated GF in bio-batteries.
Current density
(µA cm-2)
5

10

25

50

100

200

GF

1.47

1.40

1.32

1.24

1.13

1.00

PPy-coated GF

1.50

1.45

1.40

1.32

1.22

1.12

Potential (V)

6.4

Conclusion

In summary, graphene foam (GF) was synthesized by a facile and cost-effective
method using nickel foam as template. The as-prepared GF exhibited a superior
battery performance to that of graphene paper in bio-batteries. The enhancement of
performance is due to its 3D porous structure, which facilitates the easy transport of
ions and oxygen diffusion within the material contributing to the higher utilization of
graphene. Furthermore, GF can serve as a conductive substrate for the
polymerization of PPy, avoiding the introduction of stainless steel mesh or other
metal substrate, making the whole battery system more biocompatible. The PPycoated GF displayed a much better performance than that of pristine GF owing to a
combination of advantageous characteristics: (i) the presence of PPy increased the
catalytic sites for ORR, (ii) the 3D porous structure of GF facilitated the easy
accessibility of electrolyte and oxygen to improve the ORR kinetics of PPy. In the
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future, a higher loading of conducting polymer will be deposited onto GF to obtain a
high strength electrode with improved electrochemical property for the practical use
in bio-batteries.
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7 CONCLUSIONS
7.1

Conclusions

This study focuses on developing novel biocompatible air cathode materials in biobatteries with improved cell performance. Conducting polymers and graphene are
mainly investigated due to their electroactivity, biocompatibility, and particularly
low cost compared to noble metals.

This study began with the synthesis and optimization of PPy/r-GO composites with
good electrochemical properties. The PPy/r-GO composite that was synthesized from
1 mg mL-1 GO exhibited the best electrochemical performance. The Raman and
spectroelectrochemistry confirmed the successful reduction of GO in the PPy matrix.
The resistivity of PPy in its reduced state affects the bio-batteries performance. After
the introduction of r-GO dopant, the battery performance is greatly improved. The
PPy/r-GO exhibited 380 mV higher cell voltage than that of PPy/pTS at 100 µA cm-2.
The battery performance enhancement of PPy/r-GO could be due to the presence of
the conductive component, r-GO, in the PPy matrix as it provided conductive paths
for electrons even in the nearly insulating reduced state of PPy.

A co-doped composite, PPy/r-GO/DS was synthesized to further enhance the
performance of PPy in bio-batteries. The ratio of GO : DS in the supporting
electrolyte affected the morphologies and structures of PPy, which was confirmed by
SEM, UV-Vis and FTIR. The as-prepared PPy/r-GO/DS composites exhibited an
improved performance in the bio-battery, compared with that of r-GO or DS doped
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PPy alone. Furthermore, the factors determining bio-batteries performance were also
elucidated: the electro-activity of PPy had a pronounced effect on the battery
performance at low current density and the resistivity of PPy was the major factor to
determine the battery performance at high current, as suggested from the results of
EIS and battery performance.

The application of PEDOT composites in bio-batteries was investigated as well. The
PEDOT/biomolecule composites were electro-polymerized by using different
biocompatible molecules as dopant. PEDOT/DS exhibited the best electro-activity
and DS was selected to be co-incorporated into PEDOT with r-GO. The condition of
the synthesis of PEDOT/r-GO/DS composites was optimized, and Raman results
demonstrated that the doping level of PEDOT was changed by adjusting the feed
ratio of r-GO: DS. The PEDOT/r-GO/DS composites with increased doping level
showed improved electrochemical properties, including smaller charge transfer
resistance and higher cell voltage. Additionally, the as-prepared PEDOT/r-GO/DS
composites showed better cell performance at high current density than that of PPy/rGO/DS composites, as PEDOT possessed intrinsically higher conductivity than that
of PPy.

A 3D freestanding graphene foam (GF) was successfully synthesized by a facile and
cost-effective method. The as-prepared GF exhibited a superior cell performance to
that of graphene paper in bio-batteries, due to easier accessibility of electrolyte and
oxygen. In addition, GF also could serve as a biocompatible conductive substrate for
the electro-polymerization of PPy. The PPy-coated GF displayed an improved cell
performance due to the additional active catalytic sites from PPy.
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In summary, the aims of this thesis have been achieved: novel conducting polymers
(CPs) based air cathodes including PPy/r-GO, PPy/r-GO/DS and PEDOT/r-GO/DS
were fabricated. These materials all displayed an improved performance coupled
with Mg alloy anode in bio-batteries compared to previous reports. Meanwhile, the
factors determining bio-batteries performance are also elucidated, which will provide
the guide for rational design of CPs based air cathode in bio-batteries. The
application of free-standing GF in bio-batteries has also been studied. This material
exhibited higher utilization of graphene as a result of 3D structure, contributing to a
good cell performance. In addition, it could be used as a biocompatible substrate for
CPs electro-polymerization. A PPy-coated GF was successfully fabricated and
showed a better performance compared to bare GF. In the future, GF can be
combined with conducting polymers to form a high performance electrode with
excellent electrochemical and mechanical properties for bio-batteries.

All these investigations have provided useful information to specifically design the
cathode materials for bio-batteries applications, which will advance the development
of potential commercial applications of bio-batteries.
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7.2

Recommendations

Considering the simple method and wide-ranging choice of co-dopants for CPs, the
concept introduced in this work can be extended to those dopants with oxygen
reduction reaction (ORR) activity to further improve the electroactivity of CPs, e.g.
anthraquinone sulfonate (AQS). Anthraquinone derivatives were employed as
electrocatalysts for the reduction of oxygen. The AQS doped polypyrrole have
exhibited enhanced electrocatalytic activity due to the more favorable kinetics and
electron transport environment in the presence of conducting PPy matrix and redoxactive AQS.[1-3] The co-incorporation of of AQS and r-GO into CPs could improve
the electrocatalytic activity and electronic conductivity of CPs simultaneously, thus
contributing to a better battery performance.
The heteroatoms (e.g., N, B, and P) doped graphene have showed improved
electrocatalytic activity due to its increased active sites.[4-6] Thus it should be an
effective strategy to improve the performance of GF in bio-batteries by doping the
carbon network in GF with heteroatoms.
Finally, the micro- or flexible bio-batteries should be designed and fabricated to meet
the requirements of commercial application.
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